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quilibrium Constants of Some Reactions Involved 
in the Production of 1,3-Butadiene' 


By Ferdinand G. Brickwedde, Morris Moskow, and John G. Aston? 


Thermodynamic functions including free energy, enthalpy, entropy, and specific heat, 
are given for the compounds butadiene, benzene, cyclohexane, ethane, ethylene, ethyl 


alcohol and water and for the elements carbon (graphite), hydrogen and oxygen. 


From 


these are calculated and tabulated values of equilibrium constants for reactions of interest 


in connection with the production of 1,3-butadiene for synthetic rubber. 


Comparisons 


are made between table values and available experimental data on equilibrium constants, 
gaseous specific heats and entropies. The cracking of hydrocarbons is discussed and the 
importance of reaction rates in determining the amounts of reaction products is noted. 


I. Introduction 


Jn an earlier publication the measured thermal 
perties of 1,3-butadiene including heat capaci- 
sdown to 15° K were used to determine the 
ropy and enthalpy of butadiene to 300° K 
2)" With these calorimetric data and the most 
nt spectroscopic data, the thermodynamic 
ctions for butadiene were then extended to 
her temperatures. These were combined with 
thermodynamic functions for n-butane and 
n-butenes to calculate the equilibrium con- 
its for the dehydrogenation reactions of n- 
ane and n-butenes used in the manufacture of 
adiene from petroleum and natural gas. [3, 4]. 
dn the present paper are given values for ther- 
lynamic functions and properties of a number 
other compounds for use in calculations of 
ilibria occurring in other reactions involved in 
commercial production of 1,3-butadiene for 
thetic rubber. These compounds are benzene, 
lohexane, ethane, ethylene, ethyl alcohol, and 
er. Tables for the elements graphite, hydro- 
, and oxygen also have been included. Tables 
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of equilibrium constants are given for the following 
reactions: 


C.He+ 3H,—CeHig (cyclohexane). 
C.sH» (cyclohexane) —C,H, (1,3-butadiene) + C,H,+ Hz. 
C.H (cyclohexane) —C,H, (1,3-butadiene) + C,H. 


C,H» (cyclohexane) —C,H, (1,3-butadiene) + C,H, + 2H. 


CsH» (cyclohexane) 3/2 C,H, (1,3-butadiene) + 3/2 Hy. 


CsHy (cyclohexane) —3C,Hy,. 
2C,H,—C,He (1,3-butadiene) + Hy. 


2C,H,—n-C,H, (1-butene, cis and trans-2-butene, and 
mixture). 


C,H.—C,H,+ Hi. 

2C,H;,OH—C,H, (1,3-butadiene) + 2H,;O+ Hy. 
C,H,+ H,O=—C,H,OH. 

C,H,+ C,H,—C,H, (1,3-butadiene). 
C,H,—C,H,+ Hy. 

C,Hy—C,H,+ 2H. 

C,H,+ C,H, (1,3-butadiene) —C.Hg (g) + 2H. 
2C,H,g (1,3-butadiene) —C,H, (g) + C,H,y+ Hz. 


The thermodynamic functions and properties 
of all the substances included in this paper, with 
the exception of cyclohexane, have been previously 


calculated and published by others. Hoy, 
new values for these functions and properties \, 
been calculated for this paper, taking accoy, 
the latest spectroscopic and calorimetric dat , 
by using the latest values of the fundame 
physical constants.‘ In a number of case 
frequency assignments adopted cannot be re; 
as certain but appear to be the most reason: 
that have been proposed. It is thought thy 
general, further improvements in the values ty) 
for the fundamental frequencies given in this py 
would result in only small changes of the caleuly, 
the: modynamic properties. 

The thermodynamic functions and _ proper; 
are given in tables 1 to 24.5 Data and calculatix 
upon which these tables are based are discussed 
sections II to XI. Comparisons between caley 
ted and experimental entropies and heat capacit 
are included for most of the compounds. 
heats of formation of the compounds are discus 
in section XII. The equilibriwn constants of j 
reactions are given in tables 25 to 29 and are dj 
cussed in section XIII. In section XIV the: 
sults of some investigations on cracking reac: 


are compared with theoretically predicted equill 


rium concentrations. 


‘ The physical constants include he/k= 1.4384 cm deg, R=1.98714 wt 
cal deg-! mole or 8.3144X 10 ' erg deg-! mole~, and No=6.0228X 10 ® ms 
with 1 artificial calorie defined as 4.1833 international joules. The 
weights used are hydrogen 1.0080, carbon 12.01, and oxygen 16. 

4 In these tables the following conventions have been adopted: For eat 
py, H°, and for free energy, F°, the quantities are given as values & 
assumed zeros for the elements in their standard states at 0°K. AH’, 
and K, respectively, are the enthalpy of formation, the free energy of 
tion, and the equilibrium constant of formation of the compound from 
elements in their standard states at the temperature T’. 


II. Butadiene 


Thermodynamic functions for 1,3-butadiene 
from reference [4] are given in tables 1 and 2. 
As indicated in that publication, it is concluded 
that 1,3-butadiene has more than one form, since, 
for any vibration assignment that seemed reason- 
able, the specific heat calculated did not agree 
with the experimental when it was assumed that 
only a single form existed. Agreement with the 
experimental calorimetric data was obtained by 
the use of a cis and a trans form. 

Except for the frequency of torsion about the 
central C—C bond, the distribution of energy 
levels has been assumed to be statistically the 
same for the cis as for the trans variety. The 
frequency assignment for the trans variety is 
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mainly that of Bradacs and Kahoveec [5). 

differs in the following. The observed Ram 
line 340 cm~' that Bradacs and Kohovec assign 
with expressed doubt, to the fundamental of 
middle C—C torsional vibration was assigned! 
us to the first overtone of this vibration. ! 
double-bond torsions the observed 520 cm" 

a calculated 667 cm~ based on ethylene have 

used. For the skeletal deformation frequency 
the 520 cm~' used by Bradacs and Kahovee } 
been replaced by 326 cm on the basis of fon 
constant calculations and the calorimetric 
The barrier heights are 5,000 cal mole™ for! 
trans form and 2,575 cal mole for the cis {0 
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up 1.—Heat capacity at constant pressure, heat content, 
4 related quantities of 1,3-butadiene in the ideal gas 


[E%= 30,200 cal mole-') 


























is the enthalpy of formation of 1,3-butadiene from its elements in 


TaBLe 2.—Entropy, free energy, and related quantities of 
1,8-butadiene in the ideal gas state at 1-atmosphere 


pressure 
[ £3=30,200 cal mole~'} 


-(7;*) s 


cal deg 
mole-* 
54. 46 
54.54 
58. 38 
61. 89 
65. 18 





—S | 





-F° slogwkK 





—AFP°/RT 
2.3026 
— 26. 707 
— 2. 587 
—21. 793 
—19. 009 
—17. 198 


cal dog" 
mole 
66. 62 
66.74 
72.97 
78. 86 
4.36 








cal mole 
36, 430 
36, 490 
39, 890 
43, 490 
47, 210 


° 
a) 


cal mole-' 
— 13, 960 
— 13, 840 
—6, 850 
+740 

8, 920 


BR 
8s 


—15. 934 
— 15, 003 
—14. 287 
—13.721 
— 13. 260 


51, 040 
54, 920 
58, 830 
62, 780 
66, 740 


68. 29 
71.2% 
74.05 
76. 72 
79. 28 


89. 48 
04. 25 
98. 71 
102. 88 
106. 82 


17, 600 
26, 790 
36, 440 
46, 520 
57,010 


SESS 885 


-- 


—12. 880 
—12. 557 
—12. 281 
—12. 043 


70, 720 
74, 690 
78, 670 
82, 660 


110. 53 
114. 05 
117.38 
120. 54 


81.73 
84.09 
86. 35 
88. 52 


67, 880 
79, 110 
90, 680 
102, 580 


gees 


























*AF° and K are the free-energy change and equilibrium constant, re- 
spectively, for the reaction forming 1, 3-butadiene from its elements in their 
standard states at 7°K. 


Ill. Benzene 


The frequencies assigned to the fundamental 
es of vibration of the benzene molecule by 
S. Pitzer and D. W. Scott were used for this 
per [6]. These frequencies in centimeters™ are 


jibrations in the plane of the molecule: 
w=606, w=1011, w,=992, 
w= 1596, and w= (1693). 
‘ibrations out of the plane of the molecule: 
(685) and Y2=73—=400. 
quencies due to CH groups: 
(CH) waving motions out of the plane of the 
lecule: (1016), 849(2), 671, and (985) (2). 
(CH) waving motions in the plane of the 
lecule: (1298), 1178(2), (1170), and 1037(2). 
(CH) stretching motions: 3062, 3047(2), 3046, 
i 3080(2). The frequencies in parentheses 
e not been observed because the vibrations to 
ich they correspond are optically inactive. 
e benzene molecule is planar, a regular hexagon 
h distances between carbon atoms equal to 


Ws; = ws= 1485, 


1.39 A and distances between carbon and hydrogen 
atoms of 1.09 A. The symmetry number is 12. 
The principal moments of inertia about the 
center of mass are 292.9 10-® g cm’, 146.5 10-® 
g cm’, and 146.5X10-® g cm?. Their product is 
6.28 10-"* g? em’, 

Calculated values of thermodynamic functions 
and properties are given in tables 3 and 4. The 
moderate departures of calculated values of 
—(F°—E°,)/T, H°—E%>, and C°, from those of 
reference [6] are thought to be due to the use of 
the latest values for the fundamental physical 
constants in the present calculations. The source 
of the value for Z°, used in this paper is given in 
section XIT. 

Table values of C°, are in agreement to within 
experimental accuracy with values of C°, derived 
from the calorimetrically measured heat capaci- 
ties, which extend over the range 360° to 480°K. 
This may be seen in figure 7 in the paper by 
Pitzer and Scott, since the sets of calculated 
values of C°, in the two papers are in agreement 
to within less than the experimental error. 





TasBLe 3.—Heat capacity at constant pressure, heat content, 
and related quantities of benzene in the ideal gas state 


[E3=24,000 cal mole-'] 











n— Eh 
T 





Taste 4.—Entropy, free energy and related quaniiin 
benzene in the ideal gas state at 1-atmosphere pres, 


[E § = 24,000 cal mole -'] 








1 | 
T L. ro s° | -F 





cal deg-! 
mole-! cal mole-! cal mole- 
11.41 27, 400 19, 820 
11.46 27, 440 
14.41 29, 760 
17. 50 | 32, 750 
20. 48 36, 290 





23. 24 | 40, 270 

25. 76 44, 610 15, 570 
28. 07 49, 260 15, 170 
30. 16 54, 160 14, 880 
32. 07 59, 280 14, 680 


33.82 | 64,580 14, 550 53. 85 
35.42 | 70,040 14, 490 55. 31 
36. 88 | 75, 40 14, 490 56. 57 
33.23 «| = =681,350 14, 500 57. 66 











*AH° is the enthalpy of formation of benzene from its elements in their 
standard states at the temperature 7’, 





| 
cal deg -1 | cat deg -* | * 

°K mole-! | mole-! | cal mole - 
208.16 | 52.94 64. 34 —8, 220 | oy 
31, 070 
| 35, 020 


39, 260 


300.00 | 53.01 | one —8, 100 
56. 70 | 7.10 —1,320 
60. 25 
63. 70 
| 
| 
} 


77.74 +6, 120 
4.18 14, 220 


90. 31 22, 950 
96. 10 32, 270 
101. 57 42, 160 
106. 74 52, 580 
111. 61 63, 490 


116. 23 74, 890 
120. 60 86, 730 
124. 74 99, 000 
128. 68 111, 670 


_ 


dbtiisiaahlbhhd 





~— — 











® AF° and K are the free-energy change and equilibrium constant, 
tively, for the reaction forming benzene from its elements in their mn 
States at 7’ °K. 


IV. Cyclohexane 


The frequency assignment used in the calcula- 
tions for cyclohexane is essentially the same as one 
given previously [7]. A value of 673 cm, which 
was used in a previous form of this paper for one 
frequency, has now been replaced by 864 cm™ on 
the ground that the band reported at 673 cm™' was 
due to an impurity. The molecule has a chair 
form with D3, symmetry, for which the symmetry 
number is 6. The frequencies in em™' used were 
as follows: 


Carbon skeleton frequencies: 

Vibrations essentially parallel to the o, plane: 
w= w= 425, w= 864, w= 801, w= we= 1050, 
@= ws= 1266, and w= 1370. 

Vibrations essentially parallel to the principal 
axis [C,] of the molecule: y,;= y2= 196 and y;=377. 


Frequencies due to CH: groups: 

v(CH;) waving motions: 885(6), 1028(6), and 
1345(6). 

6(HCH) bending motions: 1300(6). 

v(CH) stretching motions: 2770(12). 
The frequency of the optically inactive, and doubly 
degenerate, rocking motion of the carbon skeleton, 
vi1=Y2, was calculated from the calorimetrically 
determined entropy [8] by using the assignments 
given here for the remaining frequencies. 


* A private communication from E. K. Plyler, of the Radiometry Section 
of the National Bureau of Standards, indicates that there is no evidence for a 
band at 673 em-' when a very pure sample of cyclohexane is used. 
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The distance between carbon atoms was tak 
as 1.54 A and between carbon and hydrogen aty 
as 1.09 A. Using tetrahedral angles, the princi 
moments of inertia are 335.1 10-” g cm’, 1934 


10-® g cm’, and 193.8 10-® g cm’, giving fort 


product of the three 12.58 107" g* cm’. 
Tables 5 and 6 give the calculated values 


TaBLe 5.—Heat capacity and constant pressure, heat ¢ 
tent, and related quanitties of cycloherane in the ideal 


{ £¥= 19,950 cal mole] 


| 





H | “AH? 
| 
| 


cal mole! | cal mole! 
—15, 740 — 29, 380 
—15, 680 —29, 440 
—12, 630 —32, 020 
—8, 550 —34, 050 
—3, 590 —35, 


+2, 100 —36, 

8. 400 —37, 26 
15, 220 —37, 
22, 480 —37, 
30, 100 


s2282 


38, 040 
46, 250 
54, 690 
63, 330 | 


sey 





— 











* AH® is the enthalpy of formation of cyclohexane from its elem 


their standard states at the temperature 7°. 
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(HCH 


and 1 


se 6.—Entropy, free energy, and related quantities of 
clohezane in the ideal gas state at 1—atmosphere pressure 


[E%= 19,950 cal mole-] 





< (733) s° 








cal deg-' 
mole-! cal mole- 


71.41 A 7, 600 
71. 57 7, 830 
80. 31 20, 650 
89. 37 . 34, 070 
98. 38 47, 840 


cal deg-' 
1 


61, 830 
75, 950 
90, 120 
104, 310 
118, 510 


107. 14 
115. 55 
123. 58 
131. 22 
138. 48 











132, 690 
146, 820 
160, 920 
175, 000 


97.06 | 145.39 
101.03 | 151.96 
104.90 | 158. 21 
108.65 | 164.17 | 








182, 930 





4 Fe and K are the free-energy change and equilibrium constant, respec- 
iy, for the reaction forming cyclohexane from its elements in their standard 
es at T°K. 


thermodynamic functions and properties. Table 
7 is a comparison of calculated values and the ex- 
perimental values of C; of Montgomery and De- 
Vries [8] and Bennewitz and Rossner [9]. 

In section XIV the calculated values for the 
equilibrium constant for the hydrogenation of 
benzene to cyclohexane are compared with experi- 
mental data. The agreement is considered satis- 
factory. 


TaBLE 7.—A comparison of the calculated and experi- 
mental values for the heat capacity of cyclohexane above 
800° K 











om (experi- 
mental) 


C> (cal- 


| culated) Observers * 





cal deg-t cal deg-' 
| mole-* mole-! 

34. 86 35.0 (8) 
36. 88 36.8 (8) 


36. 88 37.0 (9) 














32. 80 33.0 (8) 


I 





*(8) J. B. Montgomery and T. DeVries, (9) K. Bennewitz and W. Rossner, 


V. Ethane 


The frequency assignment used for ethane was 

cen from a paper by Stitt {10]. The frequencies 

centimeters! were: 

equency due to C—C vibration: 

o=993. 

equencies due to CH; vibrations: 

7(CH;) rocking motions: 827(2) and 1170(2). 

iHCH) bending motions: 1375, 1380, 1460(2), 
and 1465(2). 

u(C—H) stretching motions: 2925(2), 2960(2), 
and 2980(2). 

itt’s value of 1,170 em~! for the “uncertain fre- 

ency” of ethane is based upon Dy symmetry 

d an application of the product rule to the 

ctra of C,H, and C,D,. 

As Kemp and Pitzer [11] have shown and others 

ve confirmed, there is a mode of hindered rota- 

bn corresponding to rotation of one methyl 

up with respect to the other. For low ener- 

s the motion is vibration, whereas for large 

ergies it is complete rotation. The height used 
the barrier, 2,750 cal mole, is the value 
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determined by Kistiakowsky, Lacher, and Stitt 
[12] from low-temperature specific-heat measure- 
ment on gaseous ethane. 

The ethane molecule has a symmetry number 
of six. With 1.54 A for the carbon-carbon dis- 
tance and 1.09 A for the carbon-hydrogen dis- 
tances, the principal moments of inertia are found 
to be 10.60 10-® g cm?, 41.84 10-® g cm’, and 
41.84 10-® g cm?, whereas the reduced moment 
for the internal rotation is 2.65<X10-" g cm’. 
The product of the principal moments of inertia 
is 18.56 10-" g? em’. 

The values calculated for the various thermo- 
dynamic functions of ethane are given in tables 
8 and 9. 

Table 10 gives a comparison of calculated 
values of C* with experimental values based on 
the work of Thayer and Stegeman [13], Dailey and 
Felsing [14] and Eucken and Parts [15]. 

The calorimetric entropy, S°, at 25° C is given 
by Witt and Kemp [16] as 54.85 cal deg! mole’. 
The corresponding statistically calculated S° for 
298.16° K is 54.83 cal deg™' mole™. 





TABLE 8.—Heat capacity at constant pressure, heat content, 
and related quantities of ethane in the ideal gas state 
[E3=— 16,520 cal mole-'} 








H°— ER 
“= H° Cc 





cal deg-' cal deg=' 

mole~' cal mole-' cal mole-' mole~' 
9. 59 —13, 660 —W, 240 12. 58 
9.60 — 13, 640 —20, 260 12. 65 
10. 73 —12, 230 —21, 430 15. 68 
12.02 —10, 510 — 22, 440 18. 66 
13. 35 —8, 510 — 23, 290 21.34 


s = 
44 


14. 67 —6, 250 —23, 980 23.71 
15. 93 —3, 780 —2%, 530 25. 82 
17.13 —1, 100 —2A, 960 27. 68 
18. 27 +1, 750 —25, 230 29.31 
19. 34 4, 750 —25, 500 30. 75 


ssse2 888 


—-— 
- 





20. 33 7, 880 —25, 650 32. 00 

21.27 8| 11,130 —25, 730 33. 10 

22.15 | 14,480 —25, 760 34. 05 

22.97 | 17,990 —25, 750 34.89 
| 


TT 




















* SH” is the enthalpy of formation of ethane from its elements in their stand- 
ard states at the temperature T’. 


TaBLe 9.—Entropy, free energy, and related quantities of 
ethane in the ideal gas state at 1-atmosphere pressure 
[£3=— 16,520 cal mole} 


T (= 3")) s° | -F° *logueK 











| cal deg? | cal deg _ F°RT 
°K | mole mole! cal mole | cal mole 2.3026 
208. 16 45. 25 54.83 30, 010 —7, 850 5.756 
300.00 45. 31 54. 91 30, 110 —7, 780 5. 665 
48. 22 58.95 35, 810 —3, 440 1. 880 
50.76 62. 78 41, 900 +1, 180 —0. 514 
53.07 66. 42 48, 360 5, 980 —2.179 


55. 22 69. 89 55, 180 10, 920 —3. 409 
57. 27 73.20 62, 330 15, 940 —4. 356 
59. 21 76.34 69, 810 21, 030 —5. 106 
61.08 79. 35 77, 600 26, 150 —5.715 
62. 87 82.21 85, 680 31, 310 —6. 220 


SE582 885 


4. 60 $4.93 94, 040 36, 480 —6. 643 
6.27 87. 54 102, 670 41, 650 —7. 001 
67.88 90. 03 111, 560 46, 820 —7. 309 
60.44 92 41 120, 680 52, 010 —7. 577 


rrr. 


























*aF° and K are the free-energy change and equilibrium constant, re- 
spectively, for the reaction forming ethane from itselements in theirstandard 
states at T °K. 


TABLE 10.—Comparison of the calculated and exper, 
values for the heat capacity of ethane in the idg 
state (above 300° K) 





T Cc; cs 
(calculated) |(experimental) 


cal deg cal deg! 
°s mole! mole-! 

337. 66 13. 78 13.3 (13) 
347. 66 14.00 14.08 (14) 
359. 76 14.46 M4. 43 (14) 
373.5 M4. 87 M4. 836 (15) 
373.6 M. 88 14. 842 (15) 


Observers + 





| 

| 
387. 56 15. 30 15.27 (14) | 
451. 96 17.2% 17.31 (4) | 
520. 56 19. 24 19. 14 (4) | 
561. 66 20. 36 20. 62 (14) 
603. 26 21. 42 21. 62 (14) | 


——_ 


*(13) V. R. Thayer and G. Stegeman, (14) B. P. Dailey and W.4 
sing, (15) A. Eucken and A. Parts. 

















VI. Ethylene 


The fundamental frequencies used for ethylene 
are those given by Galloway and Barker [17]. 
The frequencies in centimeters are: 

Frequency due to C=C vibration: 

1623.3 


Frequencies due to CH, vibrations: 
y(C—H) rocking motions: 995, 1055, 949.2, 
950, and 825. 
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5(HCH) bending motions: 1342.4 and 14! 

u(C—H) stretching motions: 3019.3, 20 
3105.5, and 3069. The frequency 825 @ 
corresponds to the torsional twist of the ( 
bond. 

The molecule is planar and has a symm 
number of 4. The principal moments of ine 
derived from the ethylene spectra by Galloway: 
Barker were used. They are 33.8410 ¢° 
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H? is the en 
ari states al 


or ace 
are th 

patrick, 
based 

} and ine 


pxi0-® g em’, and 5.750X10-* g ecm’. 
product is 5.466X10-™”  g* cm*®. The 
modynamic functions for ethylene are given 
bles 11 and 12. 
table 13 the calculated values of C°, are 
pared with the experimental values from the 
- of Haas and Stegeman [18], Burcik, Eyster, 
Yost [19] and Eucken and Parts [15]. 
he calorimetric entropy, S°, at 25° C, is given 
an and Kemp [20] as 52.48 cal deg mole. 


corresponding statistically calculated S° for 


16°K is 52.454 cal deg mole“. 


we 11.—Heat capacity at constant pressure, heat content 
related quantities of ethylene in the ideal gas state 


[44= 14,530 cal mole~] 





G 





cal mole! 
208.16 | q 12, 510 
3. 00 ° 12, 490 
400 11, 780 
500 . q 11, 150 

| 10, 610 


10, 170 
9, 800 
9, 490 
9, 250 
9, 060 


8, 920 
8, 810 
8,740 
8, 690 














H is the enthalpy of formation of ethylene from its elements in their 
ard states at the temperature 7’. 





VIL. 


r acetylene, the thermodynamic functions 
lare those given in a recent paper by Wagman, 
patrick, Pitzer, and Rossini [21]. Their values 
based largely upon an assignment by Wu 
} and include the effects of anharmonicity, rota- 


TaBLe 12.—Entropy, free energy, and related quantities of 
ethylene in the ideal gas state at 1-atmosphere pressure 


(E3= 14,530 cal mole~] 








“(F#B)| oe |r | oar | sax 





ot dag? cal et =| ~4PIRT 
mole-' mole" mole-* 2.3026 
43. 98 —1,42% | 16,200 | —11.943 
44.03 —1,320 | 16,320 | —11.887 
46. 58 . +4,100 | 17,700 —9. 670 
48. 75 9,850 | 19,260 8.417 
50.71 ‘ 15,890 | 20,930 —7.613 


ER 
s 


—7. 082 
—6. 683 
—6. 400 
—6. 172 
—5. 990 


52. 51 . 22, 230 
54.20 ; 28, 830 
55.79 . 35, 680 
57. 31 . 42, 780 
58.75 > 50, 100 


22, 680 
24, 500 
26, 350 
28, 240 
30, 150 


SES82 8E5 


~~ 
- 


—5. 841 
—65.717 
—5.611 
—5. 520 


60.13 . 57, 630 
61. 46 65, 370 
62.73 . 73, 300 
63. 96 81, 420 

| 


32, 070 
34, 000 
35, 940 
37, 890 





_—— 
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4 F° and K are the free-energy change and equilibrium constant, respec- 
tively, for the reaction forming ethylene from its elements in their standard 
states at T°K. 


TaBLe 13.—Comparison of the calculated and experimental 
values for the heat capacity of ethylene in the ideal gas state 
above 300° K 


ce 


tT | (caleulated 





ts "Te 
(experimental) 





cal deg-' cal deg 
mole mole- 
10. 41 9. 97 
10. 98 10. 40 (18) 
339. 96 11. 46 10. 98 (18) 
300.0 10. 46 10. 39 (19) 
320.7 11.00 10. 99 (19) 


368. 2 12.15 11. 897 (15) 
464.0 14.39 14. 16 (15) 




















* (18) M. E. Haas and G. Stegeman, (19) E. J. Burcik, E. H. Eyster and 
D. M. Yost, (15) A. Eucken and A. Parts. 


Acetylene 


tional-vibrational coupling, rotational stretching, 
and an Euler-Maclaurin series summation correc- 
tion term. They have been used in preference to 
our earlier tables, which were based on a table 
by Gordon [23]. 





VIII. Ethyl Alcohol 


The thermodynamic functions for ethyl alcohol 
are given in tables 14 and 15. The frequency 
assignment used in the calculations of these tables 
agrees closely with one previously given [24, 25]. 
The value of 700 cm™', there assigned to the COH 
angle frequency, was based on earlier papers on 
methyl alcohol. For the COH angle vibration in 
methyl alcohol, Borden and Barker [26] later sug- 
gested a frequency of 1,030 cm=, and most re- 
cently Noether [27] assigned the frequency 1,340 
em. For the calculations of tables 14 and 15 the 
observed [28] Raman frequency 1,274 cm™ of 
ethyl alcohol has been assigned to the COH vibra- 
tion. To the internal bending vibration of the 
CH, group has been assigned the observed Raman 
frequency 1,455 cm~'. Others of the observed 
Raman frequencies in addition to those listed by 
Bolla as fundamentals have here been chosen as 
fundamentals because of their approximate equal- 
ity with frequencies for similar motions in propane 
given in the assignment of V. L. Wu and E. F. 
Barker [29]. Thus the frequencies in centimeters 
that have been used are: 


C-C-O skeleton frequencies: 
883, 1096, and 433. 

Frequencies due to CH, vibrations: 
(CH) rocking motions: 814 and 1051. 
v(C—H) stretching motions: 2930(3). 
5(HCH) bending motions: 1387 and 1455(2). 


TaBLe 14.—Heat capacity at constant pressure, heat content, 
and related quantities of ethyl alcohol in the ideal gas state 
[E}= —52,260 cal mole] 





| we 
T 


Bidet rs 





eal deg™' 
| mole~' 
12.18 
12 22 
14.00 
15. 70 
' 
| 


° 
x 


8s 


| cal mole- 


17.33 


18. 86 
20. 28 
21. 61 
22. 83 
23. 97 


31. 25 
33. 07 
HM. 66 
36. 06 


S882 seseH 
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37. 28 
38. 34 
39. 27 
40. 08 


| 

| 95.02 

| 25. 99 
26. 91 

27.75 


— 22, 240 
— 18, 470 
— 14, 590 
— 10, 630 








sees 











*® AI” is the enthalpy of formation of ethy! alcohol from its elements in their 
standard states at the temperature 7’. 
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TaBLe 15.—Entropy, free energy, and related quanjiin 
ethyl alcohol in the ideal gas state at 1-atmosphere prep, 


[£3 =—52,260 cal mole~'] 


| pre-e) 
: (=) “4 
cal deg~' 
mole 
66. 45 
66. 56 
72.11 


77.12 
81.76 








cal deg 
mole! 
68, 440 
68, 560 
75, 500 
82, 970 
90, 920 


54. 27 
54.34 
58.11 
61. 42 
64. 43 


® 


gree Seeee seedy 


99, 310 
108, 130 
117, 330 
126, 910 
136, 830 


86. 0S 
90.12 
93. 92 
97. 48 
100. 85 


67. 22 
69.84 
72.31 
74. 65 
76. 88 


a 








104.04 | 147,080 
107.06 157, 650 

109.94 | 168,500 
| 267 | 179,640 


20,920 | 
27,170 
33, 410 


_~— 











| 





© 4 F° and K are the free-energy change and equilibrium constant, p 
tively, for the reaction forming ethyl alcohol from its elements io 
standard states at 7° K. 


Frequencies due to CH, vibrations: 

y (CH,) waving motions: 814, 1125, and |) 

v (C—H) stretching motions: 2930(2). 

6 (HCH) bending motion: 1455. 
Frequencies due to OH vibrations: 

y (O—H) stretching motion: 3359. 

5 (COH) bending motion: 1274. 

The barriers restricting the internal rotations 
ethyl alcohol have recently been estimated [30 
a method involving a correlation of known bam 
heights in various compounds. According tot 
calculation, there is a barrier of 1,800 cal mol 
for the methyl group for the straight {a 
of the molecule, that is, the form in which the 
group is in a plane of symmetry of the molec 
and 3,000 cal mole~' for the bent forms, in whi 
the H of the OH group is on either side of the pl 
and about 104° from its straight position. 1 


barrier heights for the hydroxyl group are ma 


complicated. For the methyl group in a posit 
of minimum energy the calculated potential ene 


of the hydroxyl group ranges from zero for & 


straight form to a maximum of 2,375 cal mo 
when the OH group has rotated about 65°, ' 


minimum of 1,560 cal mole“ at 104°, to anol 


maximum of 5,970 cal mole! at 180°, in wh 
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gle and 
be prod 


alues ex 
is one 


The th 
r water 
7). Ge 
ties of 
his pape 


8], with 
ined b 


sition the OH group extends toward the methyl 
up. 

The calculations of the thermodynamic func- 
ons with these data on the barriers restricting 


tension of Pitzer’s [31] steric factor method for 
riers with different minimal and maximal 


ues. 
With 1.54 A for the C-C distance, 1.09 A for 
bo C-H distances, 1.42 A for the C-O distance, 
06 A for the O—H distance, 105° for the C-O-H 
le and tetrahedral angles for all other angles, 
be product of the three principal moments of 
ertia is found to be 2.249x10-"* g* cm® for the 
olecule in the straight form and 2.292x10-"* g* 
»’ for the molecule in the bent form. The 
juced moment of inertia for the CH; group is 
93x10- g em? and for the OH group is 1.40x10-” 
em’. In table 16 the calculated values of C; 
e compared with the experimental values by 
ixon and Greenwood [32], Jatkar [33], Bennewitz 
id Rossner [9], and Regnault [34], The calcu- 
ted values are higher than the experimental 
alues except for the value of Regnault at 623° K. 
is one value may be doubted because of its 
tiquity and the experimental difficulties at the 
evated temperature. It is entirely possible 
bat the present treatment will require revision 


when more accurate experimental values of the 
specific heat are available. 


TaBLe 16.—Comparison of the calculated and experimental 
values for the heat capacity of ethyl alcohol in the ideal gas 
stale 





== 





¥ wd wt Observers® 
| (ealeuJated) |(experimental)| 





cal deg! cal deg-' 
7 mole-' mole-' 
363. 16 19. 76 18. 49 (32) 
370. 26 20. 00 19. 86 (33) 
407. 16 21, 24 18.75 (33) 
410. 16 21. 34 19.6 (9) 
437.16 22. 20 20.8 (34) 
623. 16 27.38 28.2 (34) 




















® (32) H. B. Dixon and G. Greenwood, (33) 8. K. K. Jatkar, (9) K. Benne- 
witz and W. Rossner, (34) H. V. Regnauit. 


The entropy, S°, at the boiling point, 351.5° K, 
based on calorimetric measurements below 298.16° 
K by Kelley [35] and at higher temperatures by 
Fiock, Ginnings, and Holton [36] is 69.7 cal deg! 
mole. The value interpolated from table 15 
is 69.42 cal deg“ mole, agreeing to the uncer- 
tainty of the calorimetric value. A _ similarly 
obtained calorimetric value of S° at 403.2° K is 
72.1 cal deg? mole~', while the corresponding 
value from table 15 is 72.28 cal deg™' mole“. 


IX. Water 


The thermodynamic functions of table 17 and 18 
rwater are based on tables published by Gordon 
7|. Gordon took into account the anharmoni- 
ties of the H,O vibrations. For the tables of 
his paper Gordon’s values have been adjusted for 
tational stretching by using Wilson’s theory 
8], with a value of the stretching constant deter- 
ined by Stephenson and McMahon [39]. An 
justment for the change in the generally 


quilibrium Constants 


accepted values of the fundamental physical con- 
stants has also been made. 

The entropy, S°, of water at 25° C, was given by 
Giauque and Archibald [40] as 45.10 cal deg™ 
mole“! on the basis of an investigation of the 
equilibrium of MgO, Mg(OH),, and H,O, and 
the calorimetrically determined entropies of MgO 


and Mg(OH),. The value from table '8 is 


45.109 cal deg mole at 298.16° K. 





TaBLe 17.—Heat capacity at constart pressure, heat con- TaBLe 18.—Entropy, free energy and related quanti, 
tent, and related quantities of water in the ideal gas state water in the ideal gas state at 1-atmosphere pressuy 
[£3 =—57,106 cal mole ~!] 





[| £4=—57,106 cal mole] 











-( oP) se -F° 


on He “AH G 





y 





cal deg! cal deg 
mole! mole-' jcal mole-' 
37.175 45. 109 68, 190 
37. 224 45,159 68, 273 
39. 512 47. 489 72, 911 
41. 290 49. 40 77, 756 
42.773 50. 898 82, 770 


x 


cal deg-!molet| cal mole-t | cal mole~t | cal deg-imole-! 
—54, 740 —57, 799 8.028 
—54, 725 —57, 803 8.030 
—53, 915 —58, 042 & 190 
—53, 085 —58, 276 8 421 
—52,231 —58, 500 8. 685 


Be 
85 


—51, 447 —58, 707 8. 968 44. 032 52. 258 87, 928 


—50, 436 —58, 900 0. 264 45, 137 53.475 | 93, 216 
—49, 495 —59, 07 9.570 46. 127 54.583 | 98, 620 
—48, 520 —59, 234 9.881 47.023 55.609 | 104,129 | —46, 046 


—47, 520 —59, 379 10. 185 47. 849 56.564 | 109,740 | —44, 722 
8.851 —46, 486 —50, 506 10. 430 48. 612 57. 463 115, 440 | —43, 381 
8. 988 —45, 422 —59, 615 10. 763 - 49. 326 58. 314 121, 230 | —42, 036 
9. 125 —44, 333 —59, 715 11. 031 49. 997 59.122 | 127,102 | —40, 681 
9. 260 —43, 217 —50, 801 11.279 sd 50. 631 59. 891 133, 052 | —39, 314 


ESe8= BEEZ B88 


Pr re? 












































* A H?® is the enthalpy of formation of water from its elements in their *A F° and K are the free-energy change and equilibrium constant, 
standard states at the temperature 7’. spectively, for the reaction forming water from its elements in their stu 
ard states at T°K. 


X. Graphite 


The thermodynamic functions for graphite are TaBLe 20.—Entropy, free energy, and the free-energ, 
given in tables 19 and 20. They were obtained by function for graphite 
tabular integration of the specific heat of graphite [=o] 
which has been measured [41, 42, 43, 44, 45] 
within the range —244 to 1,200°C. The values 
used for specific heats at the higher temperatures 
were also based in part on specific-heat measure- 
ments [46] on a carbon filament from 1,200° to 
2,100° C. 
TasBLe 19.—Heat capacity at constant pressure, heat con- 

tent, H°, and (H°— E 3)/T for graphite 
[R=0) 
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XI. Hydrogen 


The thermodynamic functions for hydrogen 
ven in tables 21 and 22 are from an unpublished 


pe 21.—Heat capacity at constant pressure, heat con- 
ent, and related quantities of hydrogen in the ideal gas 


stale 
[Ei=0] 








H°-E 
—=" 





cal deg ~' 
mole ~! 
6. 787 


6. 788 
6. 827 

















compilation of thermal properties of hydrogen 
[47]. 


TaBLE 22.—Entropy*, free energy*, and related quantities 
of hydrogen in the ideal gas state at 1-atmosphere pressure 
(Ki=0] 


T ee) s -F 


-1 -1 
ox | “mole | “mole | cal mole! 

208.16 | 24. 420 31. 207 7, 281 
300.00 | 24 462 31. 250 7, 339 
26. 420 33, 247 10, 568 
ewe? 34. 806 13, 974 

29. 200 36, 083 17, 520 
30. 263 37. 165 21, 184 
31. 187 38. 100 24. 950 
32. 003 38. 46 28, 803 
32. 735 39. 701 32, 735 
33. 400 40. 393 36, 740 


34, 010 41. 033 40, 812 
34. 572 41. 629 44,044 
35. 096 42. 189 49, 134 
35. 588 42.719 53, 382 











S588 58822 88 




















*The nuclear spin entropy has been subtracted so that these values may 
be used directly in connection with chemical reactions. 


XII. Oxygen 


Thermodynamic functions for oxygen are given 
n tables 23 and 24. These are based on the tables 
{ Johnston and Walker [48] but have been ad- 
usted to be consistent with a more recent value 
{Curry and Herzberg [49] for the vibrational fre- 
buency and with present generally accepted values 
f the fundamental physical constants. Curry 
nd Herzberg represented the term values in em™' 
{ the vibrational levels, with quantum number », 

Tse 23.—Heat capacity at constant pressure, heat content 
and related quantities of orygen in the ideal gas state 
[i=0} 








cal deg" 
mole 1 
6. 941 
6. 942 
6. 981 
7. 047 


H°—EKR 
Ec. 
| 
| 
| 





“4 





3 38 3 


be ie en! 


~s 











relative to the lowest vibrational level (v==0) by 
the formula 


(1568.330—11.993v?+-0.0517e —0.00143v‘). 


The earlier, or 1933, tables of Johnston and 
Walker, from which the tables of this paper were 
obtained by adjustment, were based on the formula 


(1565.370—11.370"). 


TABLE 24.—Entropy, free energy, and related quantities of 
oxygen in the ideal gas state at 1-almosphere pressure 


[Ft¥=0] 


Ley * | = 


cal deg cal deg”! 
mole mole! 











| cal mole! 
42. 067 49. 008 12, 543 
42.110 49. 052 12, 633 
44.112 51. 093 17, 645 
45. 676 52. 723 22, 838 
46. 968 54. 099 28, 181 


48. 074 55. 297 33, 652 
49. 045 56. 362 89, 236 
57.320 44, 920 
58.192 | 50,697 
58. 991 56, 556 
59.730 | 62,494 
60.415 | 68,501 
61.056 | 74,574 
61. 657 | 80, 712 




















XIII. Heats of Formation at 0°K 


The heats of formation at 0°K, Ej, given in 
the tables of this paper were obtained from values 
of heats of formation at ordinary temperatures. 

The calculation of Ej for 1,3-butadiene is 
discussed in reference [4]. 

The heats of formation of the other substances 
at 298.16°K were based on values published or 
privately communicated by Rossini and his co- 


workers [50, 51, 52, 53]. 

Values of Ej adopted for this paper shoul; , 
be expected to agree exactly with preying: 
published values of 23, even though they 
based on the same heats of formation at 298. 1¢°y 
as the values of Ej involve also values of 

5, and the effects of rounding off values are y) 
present. 


XIV. Equilibrium Constants 


The equilibrium constants of the reactions 
listed in section I are given in tables 25 to 29 as 
functions of the temperature from 298.16° to 
1,500°K. These equilibrium constants were de- 
rived from data in tables 1 to 26 of this paper and 
tables for the n-butenes in reference [4]. 

The equilibrium constants K, are for pressures 
expressed in atmosperes, as the pressure chosen 
for the specification of the standard state is 1 
atmosphere. 


where AF° is the difference between the sums of 
the free energies of the products and of the re- 
actants of the reaction to which K, applies, the 
free energies being those of pure substances in the 
ideal gaseous state at 1 atmosphere pressure and 
at temperature 7°K. The values of K, in tables 
25 to 29 are therefore calculated for reactions in 
the ideal gaseous state and differ from equilibrium 
constants for actual real gas conditions by amounts 
determined by the departure of real gas mixtures 
from ideal gas behavior. 

Some reactions for which the equilibrium con- 
stants are given in tables 25 to 29 are discussed 
in the following paragraphs. 


C,H, +3H,=—C,Hy (cyclohexane) 


The equilibrium constants for the hydrogena- 
tion of benzene to cyclohexane have been de- 
termined experimentally by Burrows and Lucarini 
[54] and by Zharkova and Frost [55]. Their 
experimentally determined constants are compared 
in table 30 with the calculated constants derived 
from the free energy data of this paper. 

The equilibrium constant (table 25) varies 
rapidly with temperature. At ordinary tempera- 
tures, mixtures of benzene and hydrogen are very 
much less stable thermodynamically than cyclo- 
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TaBLe 25.—Equilibrium constants K, (pressures in aim, 
pheres) for the reactions: 


(1) CsHe(g) + 3H, —C,H(cyclohexane, g). 
(2) CsH2(cyclohexane, g) —C,H,(1,3-butadiene) + C,H, + 
(3) CsHa(cyclohexane, g)=—C,H,(1,3-butadiene) + C,H, 








Kya Kym 





atm-* atm 
1. 43x10" 8. 32x10-" 
8. 53x10" 1. 69Xx10-8 
7. 06X10" 6.61Xx10-™ 
1. 85108 20x10-8 
3.05x10~* 412x110" 


4 15xl0-" 
6x0" 
2%xI0- 
2 35x10" 
L12xiIe" 


5. 66X<10-* 1. 95X10 
4.94X10-7 0.113 

1. 23x10-* 15.7 
6.49x10-" 8. 03X10? 
5. 89X10-4 1. 97X106 


lene and 
8. 10X10! 7 
2 30x10 
1. 16X10 





se8ez e8 


~~ 


& 08x10-8 
1. 53x10-4 
3. 7510-8 
LUuXx10-48 


2. 79x10 


| 4. 40x10 
2. 56 108 
! 


1. 33x10 
3. 0x10 
7. 55X10 


1. 69x10" 
8. 61x10" 


aT 


| 
| 
| 
| 
| 











hexane, whereas at high temperatures of the ori 
of 1,000° K, cyclohexane is very much less stabi: 
Because of the rapid variation of K, with te 
perature, experimental determinations of th 
equilibrium constant have been limited practicali 
to a fifty degree range of temperatures from abou 
500° to 550° K. Considering this rapid variati« 
the agreement of the experimental and calculat 
equilibrium constants in table 30 is consider 
satisfactory. 


CH» (cyclohexane) = 
C,H, (1,3-butadiene) +C,H,-! 


In the thermai cracking of cyclohexan 
commercial production of butadiene, cyclohev 
is passed through a tube into which superheat 
steam at a high temperature (about 1,300° k § 
injected to raise the temperature of the cy 
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ip 26.—Equilibrium constants K, (pressures in atmos- TABLE 28.—Equilibrium constants K, (pressures in atmos- 
spheres) for the reactions: pheres) for the reactions: 


C,Hu(cyelohexane, g)—C,H,(1,3-butadiene) + C,H,;+ (1) C,H.—C,H,+ Hi. 
oH). , ; (2) 2C,;H,OH=C,H,(1,3-butadiene) +2H,0+ Hy. 
(cyclohexane, g)=*~C,H,(1,3-butadiene) +=H (3) C,H, +H,0=C,H,OH. 

CiHu(eyclohexane, g)—>C.H9(1,3-butadiene) + 5H, (4) C,H,+C,H,=C,H,(1,3-butadiene). 





C,H,(eyelohexane, g)—3C,H,. 
9C,H,—CsHs(1,3-butadiene) + H3. 








Ky | 
— | 5.43x10+ 

atm® 280x10-§ | 6.97x10- 

we 16 5.530x10-" 1.51x10°% | 2. 82x10-" | 1. 57X10~ 

0.00 . . 1. 10x10-* 1.&xio j ‘ 1. 25x10-* 7. 46X10 
1. 88x10-4 3. 52x10-% 600 3. 68x<10-* 4. 90x10 1. 51x10" 
4.40x10-" | 668x108 | 
3. 86x10-* LOxie”? | 7 2.12xK10"* 1. 00x10 4. 13x10 

| 4.60x10°% 9. 66105 1. 58x10~ 
1.14x10" 1.70x10"% 5.08x10-? | 5. 66108 7. 5910-5 | 
4.67 242x110"? e ' 0. 349 2. 31x10" 4.27x10~ | 
4. 83x10 3.2%x107 | ° 1.70 7. 23x10" 2. 68x10-5 


1. 91X10 42x10" 
3. 76X10° 5. 25x10-* 





400 
500 


1. 85108 1.85<10-* ' 
4.08108 1. 3610-4 ‘ 
7.92108 1. 0410-8 78x10-9 | 
10X10" | 


7.01106 4.40108 6. 3410-7 
7.05108 3. 40x10" 7.53x10-7 | | . | 1.40x10° 0. 84X10" | 
5.01108 1.0410" 73x10 | 
2.72Xx10" 8.67X108 | 9.93x10-9 | 











TABLE 29.—Equilibrium constants K, (pressures in atmos- 


ize 27.—Egquilibrium constant K, (atm-'), for the re- pheres) for the reactions: 


tion 2C;3Hy—n—CyH, (1-butene, cis and _ trans-2- (1) C,H,y=—C.H,+ Hp. 
itene and the equilibrium mixture of the n-butenes) (2) CyHy= C,H. +2H). 
(3) C,H,+ C,H,(1,3-butadiene) —C,H,4(g) +2H2. 
K,(atm-) | (4) 2C,H,(1,3-butadiene) —C,H.4(g) + C,H,+ Hy. 


equilibrium 
j mixture - — 














K,(atm-!) | K,(atm-1) | K,(atm-1) 


l-butene | cis-2-butene itrens-2-butene n-butenes 








} °K atm | atm! atm 
1. 3x10" 1. 27x10" 4.67x10" =| | 208.16) 1.94xX10-% | 3. 88x10-8 8. 41x10" 
1.0710" 9.70x10" «=| «3.52108 4. 509x104 | 300. 00 3. 00X10-* | 8.41X10-8 | 6. 9210! | 
3. 40 108 1. 48x10" 3. 60X10" 5. 42x10" | 1.34X10-"" | 3. 77X10-* 2. 14X10" 
6. 34x18 1. 85 10" 3. 63x10" 6. 116X104 6. 0810-8 7. OX10-% | 1. 84x10 
1.0610? 2. 01x10" 3. 51108 6. 58x10? | . 2210-1 | 3.03x10-" 7. 96X 108 

| 


39X10 | 283X10 axie? | 327x101 | 9. 08x10? 
2. 64 MXI0# | 361X104 1. 79X10 
81X10" | 4.2210"! 69X10 | 8. 59X10-# 5.15108 
ooxie-? 9. 8510-9 ° | exo | 6. 92<k10~-¢ 1.92K106 | 
3.041077 | 1.49x10-8 253X107 | 861X108 | 


5. 86 . 57 

6.55x10-1 . 80x10-1 
1. 20X10" 21X 10-1 
311X109 . 7410-7 
1.04X10 | «8. 20x10-* 
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. 18X10 


4.17K10°° 3. 01x10" . 6x10 1.14x10" ° 00x10-4 0. 507 4.44108 
L.95x10# | 130X104 | 1.8210 | 507x108 . 333 6. 40 2 54x 108 
1.02x10-3 632X104 | S.85K104% | 254x107 1.12 56.0 1. 57K10° 1. 80x 108 
| 5. 82x10-¢ 3. 40x10-¢ . ox OF 1.39x10-9 3. 21 200.0 1.04108 1.05108 
ae eee ee 
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TaBLe 30.—A comparison of calculated and experimental 
values for the equilibrium constant K, for the reaction: 


C.He+ 3H2—C, He 








K, (experi- 
mental) 





atm-* 
135.0 (55) 
104.0 (55) 
77.0 (55) 
11.0 (55) 
10.7 (55) 


12.6 (55) 
11.7 (55) 
16.0 (55) 
15.4 (55) 
5.10 (54) 


5.49 (54) 
5.40 (5A) 
5. 51 (54) 
1.61 (55) 
L% (55) 


(55) 
(55) 
(54) 
| . (54) 
(54) 

















' 





® (4) G. BH. Burrows and C. Lucarini, (55) Z. R. Zharkova and A. V. Frost. 


hexane from about 900° to 1,000°K. Under these 
conditions it is probable that the above reaction 
is one of the principal primary reactions taking 
place. 

As will be seen from table 26 the square of the 
concentration of C,H, in thermodynamic equili- 
brium with butadiene at 1,000° K is about 24 
times the product of the concentrations of C,H, 
and H,. For the same concentration of H, and 
C,H, this means that the concentration of C,H, 
is about 5 times that of butadiene. Schneider 
and Frolich [56] have shown that butadiene and 
hydrogen are the principal initial products re- 
sulting from the pyrolysis of etheylene, from which 
it would be inferred that the rate of cracking of 
butadiene to form ethylene must be appreciable. 
Hence in the production of butadiene from cyclo- 
hexane, the temperature of a cracked cyclohexane 
product high in butadiene should be lowered in a 
reasonably short time. As in the cracking re- 
action of cyclohexane, butadiene, and ethylene 
are formed in equal concentrations the establish- 
ment of thermodynamic equilibrium between 
C.H,, C,H,, and H, decreases the yield of 
butadiene. 
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C,H» (cyclohexane) —C,H, (1, 3-butadiene) + 


Ethane is not formed to any appreciable » 
as a primary product in the thermal cracking 
cyclohexane. The equilibrium indicated jy 
equation heading this subsection is probably 
result of the two reactions: 


C,H n—C,H, + C,H, +H 2 
C,H,+H,—C,H, 


With increase of pressure on the gaseous syy 
the concentration of ethane will increase rely; 
to the concentration of ethylene in accor 
with the law of mass action. 


2C,H,—C,H,+ H; 


In the pyrolysis of ethylene at 725° C (iy 
K) Schneider and Frolich [56] found that 72 
cent of the product initially formed is C,H, 
H,. According to these authors the rate of 
reaction is first order or less, indicating an ini 
mediate reaction, possibly that of formation of 
excited ethylene molecule or a free viny! radi 


2C,} 1,—n-C,H; 


Schneider and Frolich [61] observed that but 
are initial products in the pyrolysis of C,H, 
table 27 are given the equilibrium constants 
the separate reactions forming 1-butene, «i 
butene, trans-2-butene and an equilibrium x 
ture of n-butenes. The thermodynamic data 
the butenes used in the calculation of these 
librium constants were taken from reference 


C,H, —C,H,+ H, 


Experimental determinations of the equilibn 
constant A, for this reaction have been made 
Kistiakowsky [57], Frey and Huppke [58], Vid 
ski and Vinikova [59], Travers and Pearce | 
Pease and Durgan [61], and Travers and Ho 
[62]. In table 31 their results are compared ' 
calculated values interpolated from table 2 


2C,H,OH (g)—C,H, (1,3-butadiene)+ 
2H,0 (g) +H, 


In the Lebedev process for making butad 
ethyl alcohol is passed over a mixed dehydroge 
tion-dehydration catalyst at a temperature 
about 700° K. The over-all reaction of 
process is as written above. It is likely, how 
that intermediate reactions are involved. 


i, G. B. Kis 


i L. E. Hoek 


Experin 
action h 





sie 31.—A comparison of calculated and experimental 
ralues for the equilibrium constant K, for the reaction: 


C,H,—C,H,+ Hs; 








| K. 
(calculated) Observers* 





atm 
3.68X10-% > (57) 
7.98X10-% (58) 
(57) 
4.63x10~* (58) 
(59) 
10-3 
2. 16X10~ (88) 


8. 4110-8 . (60) 


0. 0139 . (60) 
(60) 
(61) 
(61) 
(60) 
(62) 
(60) 











(61) 
(60) 
(61) 





F 
| 
| : po (60) 
? 





st) G. B. Kistiakowsky,"(58) F. E. Frey and W. F. Huppke, recalcu- 
1, G. B. Kistiakowsky, H. Romeyn, J. R. Ruhoff, H. A. Smith, and W. 
Vaughan, (59) A. A. Videnski and 8. G. Vinikova, (60) M. W. Travers 
iT.J. P. Pearce, (61) R. N. Pease and E. 8. Durgan, (62) M. W. Travers 
iL. E. Hockin. 


C,H,+ H,O=—C,H,OH 


Experimental determinations of K, for this 
action have been made by Stanley, Youell and 
bymock [63], Appleby, Glass, and Horsley [64], 
nd Bliss and Dodge [65]. The experimental 
alues of K, are compared with calculated values 
b table 32. 


C,H,+C,H, (1, 3-butadiene)—C,H, (g)+2H, 


Schneider and Frolich [56] found that benzene 
as the most abundant single initial product 
sulting from the pyrolysis of a mixture of 
thylene (90 percent) and butadiene (10 percent) 
t 1,000° K and one-fifth of an atmosphere. It is 
obable that there is an intermediate metastable 


complex formed by C,H, and C,H,, possibly the 
triolefin C,H, which breaks down, giving C,H,. 


2C,H, (1 ,3-butadiene)—C,H, (g) +C,H, + H, 


Schneider and Frolich (56] suggest that benzene 
may be formed as a result of a coalescence of two 
butadiene molecules. 


TasBLe 32.—A comparison of calculated and experimental 
values for the equilibrium constant K, of the reaction: 


C;H,+ H,O—C,H;,OH 








K, (calcu- 
lated) 


Ky (experi- 
mental) 








atm 
8. 28x10-7 


3.42X10-* 
1. 78X10" 


0. 989X10-4 | 
| 
5.83X10+ 


3.61X10-* 
1. 68x10-* 
1.07X10"* 
. 736X10-* 


atm 
6.8x10-* 
3.6X10- 
2.93x10"* 
1.65x10-* 
1. 72x10" 
1.07X10-% 
0. 984<10-* 


\{ 6.7108 


| 6 238x107 


3. 83X10 
1, 87X10 
1.4910 
1. X10" 


(68) 
(68) 
(69) 
(68) 
(69) 
(68) 
(69) 
(68) 
(69) 


(69) 
(70) 
(70) 
(70) 














a 


* (63) H. M. Stanley, J. E. Youell, J. B. Dymock, (64) M. P. Applebey, 
J. V. 8. Glass, G. F. Horsley, (65) R. H. Bliss, B. F. Dodge. 


C,H,+C,H,—C,H, (1, 3-butadiene) 


The reaction forming butadiene from ethylene 
and acetylene in equimolar proportion was re- 
ported in 1866 by Berthelot [66] and has been 
studied recently by Naragon, Burk, and Lankelma 
[67], who conclude that acetylene in the absence 
of catalysts reacts more readily with ethylene 
than ethylene does with itself. As acetylene is so 
reactive, other reactions also occur, leading to 
products of higher molecular weight. Considering 
that the equilibrium constant for the formation of 
butadiene from ethylene and acetylene is very 
favorable at low and moderate temperatures, a 
catalyst specific for this reaction is desirable [68]. 





XV. Comments on Cracking Reactions 


The law of mass action and tables of equilibrium 
oustants for different temperatures are helpful 
i the analysis of data on the products of cracking 
nd condensation reactions of hydrocarbons. Thus 
tbles of equilibrium constants show how, with 
hecrease of temperature, the equilibrium concen- 
rations of unsaturated hydrocarbons increase with 
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respect to the saturated hydrocarbons. The law 
of mass action determines the expected rate of 
increase in the relative equilibrium concentration 
of saturated hydrocarbons with increase of pres- 
sure. Besides depending upon temperature and 
pressure, the relative equilibrium concentrations 
of saturated and unsaturated hydrocarbons formed 


277 





by cracking and condensation reactions are de- 
pendent upon the carbon to hydrogen ratio of the 
starting material, assuming no deposition of free 
carbon. The higher the carbon to hydrogen ratio, 
the greater the relative equilibrium concentration 
of the unsaturated hydrocarbons. 

Two investigations of the products of the ther- 
mal cracking of hexane, one at high [69] and the 
other at low pressure [70], illustrate in a striking 
manner the influence of changes of pressure upon 
equilibrium concentrations. Thus at a pressure 
of 1,000 atmospheres and at temperatures of 
783° K, there was no measurable concentration of 
hydrogen or any unsaturated hydrocarbon, where- 
as at a pressure of 0.18 atmosphere and 698° K the 
concentration of the unsaturated hydrocarbons 
exceeded that of the saturated compounds. In 
low pressure cracking reactions, equilibrium is ap- 
proached from the side of low concentration of 
unsaturates, and in high pressure cracking from 
the side of high concentration of unsaturates. 

The establishment of approximate equilibrium 
concentrations of hydrocarbons at temperatures 
of 700° to 800° K in the absence of catalysts re- 
quires times of the order of several hours. Thus 
in the products of a cracking process at high 
pressures [69] involving several reactions, one 
finds that the ratio P[C,H,} P| H.]/P[C,H,] changes 
from about 0.75 atmosphere to about 0.03 atmos- 
phere during a period of about 2 hours at tempera- 
tures of 730° K. The equilibrium value is about 
10-* atmosphere. When several reactions occur 
in succession, the slowest reaction controls the 
approach to final equilibrium. For the most 
rapid reaction the apparent equilibrium constant 
as calculated from experimental compositions 
approaches the theoretical value relatively soon 


even though general equilibrium is no 
attained, so that the individual composit 
continue to change. In cracking gas jj 
1,223° K [71] and 0.23 atmosphere, the proy 
tions of C,H,, H,, and C,H, after & “con 
time”’ of 0.05 second are fairly consistent ,; 
the equilibrium constant for the reaction 20.) 
C,H,+H, as given in table 27, whereas the p 
portions of butanes, butenes, butadiene, ethy'e, 
ethane, and hydrogen were not yet in approxin, 
agreement with equilibrium constants for gi» 
dehydrogenation reactions. On the other hy, 
the compositions obtained in the cracking 
isobutane [72], probably at about atmosphe 
pressure, near 873° K and 923° K indicate yvaly 
of P(C,H,]-P{H,]/P?(C,H,] that differ from the ed 
culated values of the equilibrium constant } 
factors of the order of 100 after contact times 
the order of a minute and of several seconds. 
spectively. In both cases these experimen 
values were changing with time. The well-knoy 
strong dependence of reaction rate on temperat 
is particularly evident in this case. The rates; 
many of these reactions double for each 15 to 
degrees centigrade rise in temperature. (\ 
relations of data for reaction rates for the the 
decomposition of several hydrocarbons will } 
found in a review paper by Steacie [73] and 
discussion of the prediction of reaction rates j 
given in a paper by Daniels [74]. Numer 
papers by Eyring and co-authors treat the subjed 
of reaction rates, considering details of the stru 
ture of the activated complex, the configuratio 
of highest energy which the reacting molecule 
must have in changing from reactants to product 
of a reaction [75]. 
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Effect of Catalysts and pH on Strength of 
Resin-Bonded Plywood’ 


Gordon M. Kline, Frank W. Reinhart, Royden C. Rinker, and Nicholas J. 
DeLollis 


The effects of various catalysts used to cure the resinous adhesives on the strength 
properties of plywood were investigated, particularly with regard to the degree of acidity 
developed by the catalysts in the resin film and in the plywood. The flexural, impact, and 
shear strengths, both initially and after aging, of birch plywoods bonded with urea-formalde- 
hyde and phenol-formaldehyde resins definitely decrease as the acidity of the plywood 
increases, as evidenced by a decrease in pH. Only in the case of plywood bonded with casein 
and urea-formaldehyde resins had the deterioration at the bond progressed sufficiently in the 
roof-aging tests to make it impossible to carry out strength tests because of delamination. 
A correlation between decrease in strength on aging of plywood bonded with alkali-catalyzed 
phenolic acid and increase in alkalinity of the panel was observed. Because of the different 
absorption capacities of the phenolic resins for acids and alkalies, it is not possible to predict 
the pH of the plywood panel from the pH of the resin film. 

The susceptibility of birch wood, itself, to attack by acids and alkalies was determined 
in order to better understand the mechanism of the deterioration of resin-bonded plywood. 
A marked decrease in strengtn occurred when the pH of the wood was lowered below 2.0, 
In the range between pH 2.0 and 2.5, strong acids, such as hydrochloric and sulfuric, had a 
more pronounced deteriorating effect than weak acids, such as hypophosphorous and nitra- 
nilic. A marked decrease in strength of the birch also occurred when the pH was raised to 
8.8 by the absorption of an alkali, tetraethanolammonium hydroxide. 


I. Introduction 





The increased use of resin-bonded plywood for 
ictural parts of aircraft has made it necessary 
determine the effect of various chemical prop- 
ies of the resins on the strength properties of 
be resin bonds. Information of this nature is 
eeded to utilize the materials properly in building 
tisfactory aircraft and to evaluate the causes of 
lure. Determination of the effect of acid and 
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. Preparation of test panels-_----- --- 
. Testing procedures 


3. Strength properties 


aline catalysts on the strength and aging prop- 
ties of various types of resin bonds is one im- 
ortant phase of this work. This report presents 
he results of an investigation which was made to 
termine these relationships. Some of the data 
tained in the early stages of the work were 
cluded in a preliminary report issued in 1943 [1].? 
The degree of acidity or hydrogen-ion concen- 
ition can conveniently be reported as a pH 
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value which approximately is the logarithm of the 
reciprocal of the gram ionic hydrogen equivalents 
per liter; that is, pH=log 1/H* per liter. Water 
has a concentration of H* ion of 10~’ and of OH- 
ion of 10~’ moles per liter or a pH value of 7, 
and is said to be neutral in reaction. The presence 
of an acid in a water solution increases the con- 
centration of hydrogen ions. Hence the concen- 
tration of hydrogen ions in an acid solution 
becomes 10~* or 107°, or greater, and the pH value 
is less than 7. The presence of an alkali in a 
water solution increases the concentration of 
hydroxy! ions and decreases that of the hydrogen 
ions. Hence the concentration of hydrogen ions 
in an alkaline solution becomes 10-*, 10-°, or less, 
and the pH value is greater than 7. The product 
of the hydrogen ion concentration and the 
hydroxyl-ion concentration is always equal to 
10-" in aqueous medium at 25° C. The pH value 
has been used throughout this report to indicate 
the degree of acidity of the various specimens. 
The two most commonly used types of bonding 
agents in the manufacture of resin-bonded plywood 
are the phenol-formaldehyde and the urea- 
formaldebyde resins. Both types are cured either 
by the “‘hot-set”’ or the “cold-set”” method. Since 
the demarcation between “cold-set” and “hot-set”’ 
bonding resins has not been definitely established 
in the industry, the resins used in this project were 
classified according to the temperature required to 
cure the resin in a commercially practical period 
of time, as follows: 
Class R.—These resins do not require a higher 


II. Materials 


A group of adhesives which are being used to a 
great extent in the manufacture of resin-bonded 
plywood aircraft was selected for this work. 
These included urea-formaldehyde, phenol-form- 
aldehyde, resorcinol-formaldehyde, furane, and 
unsaturated polyester resins and casein. The 
commercial designations and the manufacturers 
of the resins, and the classification of the various 
resins and resin-catalyst mixtures on the basis of 
the temperature required for curing, are given in 
table 1. 

Birch wood was used in the tests because it is 
the type most commonly employed in the manu- 
facture of aircraft grade plywood in this country. 
Other woods were not investigated inasmuch as 
the primary objective of the investigation was the 














degree of heat for curing than that availa), 
ordinary room or factory conditions. 

Class M.—These resins require a degree of }, 
greater than that available at room or {,, 
conditions, but not over 160° F (71° C). 

Class H.—These resins require a temper, 
greater than 160° F (71° C). 

To obtain a satisfactory degree of cure of cls 
and some class M resins, it is necessary with », 
of the commercial resins to use very active cy 
lysts. One of the most active catalysts for cy; 
these types of resins is the hydrogen ion, whic 
usually expressed in terms of pH units whe; 
concentration is less than 1 molar. 

It is an established fact that wood deterior 
rapidly in acidic media. It is also known ¢ 
urea-formaldehyde resins are not as resistant 
acid condition as are phenolic resins (2-7). 
work reported herein was designed to deternj 
the effects of various catalysts and the pH of 
resin bond on the strength properties of the rej 
wood composite since the failures may be in 4 
resin, in the wood, or in both resin and wood. 
should be noted, however, that the acid coaj 
tions in the resin-bonded birch panels tested ; 
attributable to the ingredients in the resin-g 
mixtures and not to the wood or any extrane) 
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study of deteriorative effects characteristic 
various resin-catalyst systems. 

The test panels were made with sliced bi 
veneers carefully selected for straightness of gral 
and having an average thickness of 0.01 in. 
thin veneers were used to obtain a higher resi 
content than that normally used in aircraft p) 
wood. As the acidic conditioas result from t 
resin, a high resin content would be expected 
magnify the effect of the pH on the streng 
properties of the composite. 

For the tests on the effect of the catalysts « 
the wood alone, sliced birch veneers 0.1 in. ! 
thickness and specially selected for straightness ° 
grain were used. 
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TaB.e 1.—Description of resins and resin-bonded birch panels 








Resin-bonded birch 
plywood 


mercial desig- Catalyst added to 
eer of resin Manufacturer resin 








Conditions of 
cure pH 


Un- | Oven- _ Roof- 
aged | aged aged aged 





UREA-FORMALDEHYDE RESINS 





j | 
°F jkr: min| g/cm j Percent 
Resinous Products and Chem- | 10% Ammonium Room._| 24:00) 0.91) 33 
ical Co. chloride. 
do ee le er ..-do_...| 4:00 91 37 
see . SEE anbautennninnn ...d0_...| 4:00 OF a 
Plaskon Div., Libbey-Owens- | 2° ..| 4:00 .%3 
Ford Glass Co. 
Casein Company of America....| 5% “AA"............. 00 
Plaskon Div., Libbey-Owens- | Incorporated with 00 
Ford Glass Co. resin. 
; ..do ee. : : .96 
| Resinous Products and Chem- | } escoosdbudbhabal 115 
ical Co. 
Casein Company of America....)..... be 0:30 
Resinous Products and Chem- 0:6 
ical Co. 


1.02 
0. 88 














UREA-RESORCINOL-FORMALD RESINS 





Resinous Products and Chem- | 20% Q 107; 0.7% Q87| M 
ical Co. 

Plaskon Div., Libbey-Owens- 
Ford Glass Co. 
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PHENOL-FORMALDEHYDE RESINS 
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Durez Plastics and Chemicals, | 10% 
Ine. 
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Bakelite XC-3931_... 


akelite XC-11749___ 
atabond 590 

akelite XC-3931__._| Bakelite Corp. 

akelite XC-11749__.|_....do 

stabond 200 CZ_...| Catalin Corp 

ascophen LT-67_...| Casein Company of America.... 
Durez 12041 Durez Plastics and Chemicals, 
Ine. 

akelite BC-17540_..| Bakelite Corp.................-. 
ego film Resinous Products and Chem- 
ical Co. 


e®cooote®~8-28 & 
S2Ssseasesesee2sseess 8 


MERRIE 


zs 


Incorporated with 
resin, | 
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RESORCINOL-FORMALDEHYDE RESINS 


Durez Plastics and Chemicals, | 20% Formaldehyde R 
} Inc. | (37%). 
Penacolite G-1131_.__| Pennsylvania Coal Products Co.) 20% G-1131 B_........| R 
Bakelite XO-17613 __| Bakelite Corp..............-..-.| 20% XK-17618........| M 
mberlite PR-75 B Resinous Products and Chem- | 22% P-79...............| M 
| feal Co. 
enacolite G-1124 | Pennsylvania Coal Products 
| Co. 
urite $-3028_. _| Durite Plastics, Inc.............| 16% 3026A 











25% G-11M-B.........| RB 


' 
| 
} 
} 





See footnote at end of table. 
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TaBLe 1.—Description of resins and resin-bonded birch panels—Continued 











































































































































Conditions of 
| cure PH 
| Den. = 
Clas- q+ Resin-bondad 
Commercial desig- Catalyst added to sity, | tent of Dired 
nation of resin Menuihetaser resin —_ aver- Plywood Each test 
| |Temper- Time | *#¢ | aver- Resin —_— fo 
| ature age | film| lo pated as 
} | Un- | Oven- | U¥e0 1 
| | aged | aged | [r- One quar 
| hng trea tir 
PHENOL-RESORCINOL-FORMALDEHYDE RESIN One quart 
shington 
°F ihr: min| giem* | Percent ashing : 
Dureg 12533_._....... Durez Plastics and Chemicals, | 100% 12534 B__........ M | 180..... 4:00) 0.04 $8) 66] 61) 55) 54 pilding, N 
Inc. an angle 
herwise m 
FURANE RESIN r 
One qua 
|} ee Plastics Industries Technical | 65% Z-1A_............. R Room..| 24:00/ 1.00 Pe Rey Wee Beceenss | 23 en at 176 
eens One quar 
oven-fa 
CASEIN GLUE Je in thi: 
Aircraft joint P glue__| Casein Company of America....| Nome_................. | R Room..| 24:00 | 0. 88 4/120) 84 7.8/ 80)... —_ 
| 
Exposure per 
UNSATURATED POLYESTER RESINS —- 
125 0:30 ¥ 
Laminac............. American Cyanamid Co........ 1% Benzoy! Peroxide H a 0:8 } oss % | 24) 5.7 ae} 38) 
eS ES rece he| Ewe 1% Lauroyl Peroxide... Hi |{\0----- ore 81} | 28] 40) 40] 40 2 
MR-17-A2__.........| Marco Chemical Co_............ 3% Benzoyl! Peroxide ; a, ee 2:00; 1.05 41; 32) 3.7 3.9 27) 4 
NE Cininihinccininainitihlanatiiniiedl (RE ES H 230..... 2:00; LO 39) 34) 3.2 33) 26 & os 
Plaskon 900_......._. Plaskon Div., Libbey-Owens- | 2% Benzoyl Peroxide M 190..... 4:00! 004 @i 2st B8j.......) 34)... 
Ford Glass Co. he secti0 
ee Pittsburgh Plate Glass Co_.....| 5% Benzoyl Peroxide H asinies 72:00; 1.21 51} 5&1) 3.9 27) 27) & ° 
| ours in th 
© The resins are classified according to the temperature required to cure the resin. Class R includes those which cure quickly at room temperature. Clas This lati 
includes those which require a temperature above room temperature but not over 160° F. to cure, Class H includes those which require a temperature abo weatl 


160° F. to cure. 


III. Preparation 


The resin glues were prepared according to 
directions received from the manufacturers and 
were applied to the birch veneers by means of 
rollers. This method produced resin films of uni- 
form thickness on both sides of the veneers. The 
veneers coated with the class H resins were sus- 
pended from a drying rack and allowed to dry 
about 20 hours before the assembling and press- 
ing. The veneers coated with the class R and 
class M resins were assembled and pressed imme- 
diately after coating. Each panel consisted of 
eight birch veneers arranged with the grain of 
plies one, three, six, and eight parallel to one 
another and with the grain of plies two, four, five, 
and seven perpendicular to the face plies. 

In the early stages of the investigation the test 
panels were pressed at approximately 100 lb/in.’, 
but this produced panels varying considerably in 
thickness and density. To obtain more uniform 
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ation L- 
en at 1+ 


of Test Panels 


panels, stops 9 by 1 in. for use betweer. the prea, rary 
platens were ground to a thickness of 0.075+0.00 rn ue 
in., and the platens were ground to a flatness « hee 
0.0001 in. A load of 10 tons was applied to th mperatu 
platens. ; 
The birch veneers used in each panel wer eatin 
conditioned by storage at 77° F (25° C) and 5 
percent relative humidity, and were weighed befor... 


the resin coating was applied. The complete 
test panel was also conditioned and weighed. Th 
resin content (in percent) of the test panel w 
then calculated by means of the equation 





Commerci 












wt of test panel— wt of conditioned veneers 
wt of test panel 





X10 


Three panels were prepared with each resin 0 
resin-catalyst mixture. The conditions used © 
cure the panels, the average densities, and the 
average resin contents are given in table 1. 
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IV. Testing Procedures 


1. Aging 


Each test panel was cut into quarters and 
sted as follows: 

One quarter section was not subjected to any 
ing treatment. 

One quarter section was exposed continuously in 
ashington, D. C., (on the roof of the Industrial 
ding, National Bureau of Standards) on racks 
an angle of 45°, facing south for 1 year unless 
herwise noted. 

(ne quarter section was heated in a forced-draft 
en at 176° F (80° C) for 40 hours. 

One quarter section was subjected to a continu- 
s oven-fog cyclic accelerated aging test. The 
cle in this test consisted of the following: 





| Relative 


Temperature jhumidity 


Exposure period 





Percent 
100 | Fog cabinet. 
5 | Forced-draft oven. 
Fog cabinet. 
Forced-draft oven. 











he sections were exposed for a total of 200 
ours in the oven and 40 hours in the fog cabinet. 
This latter test is a modification of the acceler- 
od weathering test described in Federal Speci- 
ation L-P-406a, Method 6021. Heating in an 
en at 149° F (65° C) was substituted for the 
adiation under the sunlamp prescribed in 
fethod 6021 because the effect of the ultraviolet 
ght would be expected to be negligible in the 
akdown of the resin layer in plywood. The 
mperature to which the specimens are exposed 
approximately 149° F (65° C) in both tests. 


The data in table 2 show that the decreases in 
flexural strength resulting from exposure of ply- 
wood specimens to the two tests, respectively, are 
practically identical. 


2. Determination of pH 


A thin film of the resins of class R and class 
M was cast on glass and allowed to dry for 20 
hours at @ temperature of 70° to 79° F (21° to 
26° C). The resin film was then removed from 
the glass amd ground to a fineness of 40 mesh. 
Two grams of the powdered resin were suspended 
in 10 milliliters of distilled water and the pH of 
the suspension was measured by means of a glass 
electrode after 15 minutes, and after 24, 48, 72, 
and 96 hours, or until the values were constant 
to within 0.05 pH unit. 

Films were prepared from the class H resins by 
casting them upon a glass plate, using a knife 
blade to remove excess resin and make the thick- 
ness of the coating 0.02 in. or less. The cast 
films were placed in a circulating-air oven at 
149° F (65° C) until examination showed that 
most of the solvent had evaporated; this process 
required about 4 hours except in the case of 
Plaskon 107, which was cured after 3 hours at 
149° F (65° C) and was not subjected to any 
further heating. This drying was followed by a 
cure in the oven at 300° F (149° C) until the films 
were hard and brittle, the latter operation requir- 
ing about 30 minutes. The hard, brittle films 
were pulverized in a small rock-crushing mortar 
and passed through a 40-mesh screen. The pH 
values of the powdered films were measured in 
the same manner as those of the class R and the 
class M films. 


2 2.— Effect of oven-fog and sunlamp-fog aging tests (240 hours) on flexural strength of resin-bonded birch plywood panels 








Commercial designation of resin 


Catalyst added to resin 


| 


| 


| Average pH 
} 


Unaged panel Oven-fog-aged panel Sunlamp-fog-aged panel 








Loss due to 
aging 


Flexural 
strength 


Flexural Loss due to | 
strength aging 


Flexural | 
strength 








> * ae 


None_._. + : nen 
11% hydrochloric acid (27.8%). -- 
None...... . 


--| 10% ammonium chloride 


| 


-| 


Percent 
20. 6 
25.4 
21.4 
29.5 
19.1 
54.7 


jin’ 
21, 900 
15, 300 
22, 100 
11, 000 
18, 600 
6, 700 


Percent 
19.6 
18.0 
22.8 


iro 


lbjin2 
22, 200 
16, 300 
21, 700 
10, 800 
19, 100 
7, 900 


bjine | 
27, 600 
20, 800 | 
28, 100 | 
15, 600 | 
23, 000 | 
14, 800 | 





17.0 
46.6 | 
| 
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The acidity of the test panels was determined 
by grinding a portion of the panel to 40 mesh in 
a Wiley mill and suspending 1 g of the powder in 


5 ml of distilled water. The pH values of the 
water suspensions were usually constant after 48 
hours. 

The pH of the distilled water used in making 
the resin suspensions was 6.3. A few of the resin 
films and powdered panels were also suspended in 
dilute hydrochloric acid solution of pH 4.5. The 
pH values of the acid suspensions are reported in 
table 2 and do not differ appreciably from those 
of the water suspensions. All the pH measure- 
ments were made at a temperature of 77° F 
(25° C) with a glass electrode. The measurements 
reported are accurate to +0.05 pH unit. 


3. Strength Properties 


The test specimens for determining the strength 
properties were cut from the quarter sections after 
the aging treatments. The specimens were ma- 
chined and then conditioned at 77° F (25° C) and 
50-percent relative humidity for at least 48 hours 
prior to testing. All the tests were made at 
77° F (25° C) and 50-percent relative humidity. 

The flexural modulus of elasticity was measured 
on an Olsen Stiffness Tester, Tour-Marshall 
design. Specimens 5 in. long and 0.5 in. wide 
were cut from the panels. Two measurements 
were made on each specimen, one on each end. 
The test span was 2 in. long; the total bending 
moment applied to the specimen was 3 in.-lb. 
The angular deflections were plotted against the 
bending moments and the deflection at a stress 
of 2,500 Ib/in.? was determined from the curve. 
A stress of 2,500 lb/in.? was selected because the 
plots for all the samples were essentially straight 
lines up to that stress. The secant modulus of 
elasticity in flexure then was calculated from the 
approximate expression, 


229.2PL? 
pe (1) 


where 


EL=modulus of elasticity in flexure 
P=load 

L=length of beam 

D=deflection, degrees 

a=width of beam, and 

h= thickness of beam. 




































This expression was derived from the formy), ; bath of | 
the deflection of a cantilever beam with a coy, the tes 
trated load at one end. ‘ sor ot 
The flexural strength was measured on gy ¥ ‘od t 
mens 1.0 in. long and 0.75 in. wide cut from ~ 92 
panels. The specimen was supported oy ¥ le of 
parallel supports with a span of % in. The } Beye ‘ee 
was applied at the center of the span by a prea ” 
piece similar to the supports. The edges of 
support pieces and of the pressure piece y, 
rounded to \-in. radius. The tests were made » 
hydraulic testing machine with a head spec) ; 
0.05 in./min. The machine was accurate jy MMe prelimt 
percent of the lowest applied load. The fle ta for us 
strength or modulus of rupture is calculated {pgm be mease 
the expression re prepa 
3PL ego film) 
F=57}2’ Bn (Ufor 
pmnonium 
where F is flexural strength, and the other sypgumected 0 
bols have the same significance as in eq. 1. Hi conditic 
The impact tests were made on an Izod impel wee 
machine of 2 ft-lb capacity. Specimens 2.5 ype 882 
long and 0.5 in. wide were cut from the panels. Hed 12 tl 
The tensile tests were made according to Methogmodulus of 
1011 of Federal Specification L-P-406. Type pd shears 
specimens were used; the width of the reducampoperties 


nditions 
On the 
eliminar 
quired, f 
ious tes 
ppact, an 


section was 0.5 in. The tests were made on 
hydraulic testing machine with self-aligning Tem 
lin grips. The rate of head speed was 0.05 in./mi 

Shear specimens 4 in. long and 0.75 in. wide we 
cut from the panels. A groove \ in. wide a 
extending through approximately 4% veneers w 


milled on one face of the panel parallel to tggprioration 
0.75-in. dimension. A similar groove was mile The det 
on the opposite face. The grooves on the spea tables 4 
mens used in the preliminary tests were \ mg? beha 
apart, but, as many tensile failures were obtaineijge!sminat 
the distance between the grooves was reduced im ¢flects 
¥ in. on the later specimens. The specimens went * of the 
broken on a hydraulic testing machine at a rm nd phenc 
of loading of 200 |b/in.? per minute. The sp 















licals it 
hesives 
termine 
ounds, 

brmaldel 
as addex 
furic, | 
etic, be 


4. Delamination 


One strip 0.5 in. wide cut from each quart 
section of each test panel was subjected to a delam 
ination test. The strips were placed in individul 
3- by 20-centimeter test tubes that contain 
distilled water previously heated to the boilit 
point by immersion of the tubes in a water bath 
The tubes containing the test strips were left 
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bath of boiling water for 1 hour. On removal 
» the test tubes the specimens were immersed 
water at 77° F (25° C) for 15 minutes and 
» dried at 140° F (60° C) in a forced-draft 
» for 22 hours. This procedure constituted 
»evele of the test. At the end of each cycle the 
specimens were bent over a mandrel of 8-in. 


radius. 


over a 4-in. radius mandrel. 


garding delamination were made. 


5. Density 


Density was determined by weighing and 
measuring machined specimens. 


V. Results of Tests 


4 preliminary investigation was made to obtain 
ta for use in selecting the strength properties 
be measured on all the test panels. Six panels 
re prepared with a phenol-formaldehyde resin 
ego film) and six with a urea-formaldehyde 
in (Uformite 430 catalyzed with 10-percent 
»monium chloride). These two materials were 
ected to determine the effects of high and low 
conditions respectively. Specimens from each 
el were tested unaged and after exposure to 
ee aging tests. The strength properties meas- 
ed in these preliminary tests were flexural 
julus of elasticity, and flexural, impact, tensile, 
dshear strengths, The changes in these strength 
operties as a result of exposure to the aging 
nditions are given in table 3. 
On the basis of the results obtained in these 
liminary tests, the size of the test specimens 
juired, and an analysis of the stresses in the 
rious tests, it was decided to employ the flexural, 
ppact, and shear strengths for detecting the de- 
rioration of the resin-bonded birch plywoods. 
The detailed results of these tests are presented 
tables 4, 5, and 6 and figures 5 to 12, inclusive. 
he behavior of the materials with respect to 
lamination is shown in table 7. A summary of 
he effects of the catalysts on the strength proper- 
sof the panels bonded with urea-formaldehyde 
d phenol-formaldehyde resins is given in table 8. 
The specific effects of various acid and basic 
licals in catalysts used with phenolic resinous 
hesives in the preparation of plywood were 
termined in a series of tests with known com- 
ounds. Panels were prepared with a resorcinol- 
brmaldebyde resin (Penacolite G—1131) to which 
as added varying amounts of hydrochloric, nitric, 
furic, phosphoric, hypophosphorous, trichloro- 
etic, benzenesulfonic, and nitranilic acids, and 
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After five cycles the specimens were bent 
Observations re- 


TaBie 3.—Changes in strength properties of birch plywoods 
caused by various aging methods 





Panel designation 


Change 
bon 
nolic 
film) 


ed with _ 
resin (Tego 


for panels 


Change for panels 
bonded 
formaldehyde resin 
(Uformite 430 with 10- 
percent 
chloride catalyst) 


with urea- 


ammonium 





Oven- 


Roof- 
aged 6 
months 


fog- Oven- 


aged 


Oven- 
fog- 
aged 


Roof- 
6 


months 





TENSILE STRENGTH 
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Percent | Percent Percent | Percent 


—i4 
—22 


43/47 
+6) =i 


—21 
-4 





FLEXURAL STRENGTH 








-1 -7 
+3| <5 








—72 








SECANT FLEXURAL MODULUS OF ELasTICITY (0 TO 


2,500 LB/IN.*) 





—15 
—25 


—-23 
—13 


+12 
+17 





IZOD IMPACT STRENGTH, FLATWISE 
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—10 
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+38 
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—28 











—3s 
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IZOD IMPACT STRENGTH, EDGEWISE 





+17 
—i1 


-7 +17 
—18 —18 





SHEAR STRENGTH 





+11 | 


—43 | 





—33 5 
—25 +5 
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+10 | 
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MILLIEQUIVALENTS PER 100 GRAMS OF RESIN 


Ficure 1.—Titration of Penacolite G-1131 with various acids. 
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MILLIEQUIVALENTS PER 100 GRAMS OF RESIN 


FiaurE 2.—Titration of Penacolite G-1131 with various acids. 
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dium hydroxide. Titration curves of the resin 
th these acids and base are shown in figures 1, 

‘and 3. The flexural strengths of these panels, 
‘ naged and oven-fog-aged, are presented in table 9. 

Similar experiments were performed with two 
henol-formaldehyde resins. The titration curves 
stained for one of these resins (Cascophen LT-67) 

th the acids and base are shown in figures 3 and 4. 
ye results of the strength tests are given in 
ble 10. 

In a further series of tests to determine the 
necific effect of the acid radicals in commercial 
wialysts for resinous adhesives, three commercial 
talysts were used, respectively, with three 
henolic resins to prepare plywood panels. Four 
anels were prepared with each resin—one with- 
ut catalyst, and one with each of the three 
atalysts, respectively. Only one of the resin- 
atalyst mixtures failed to cure satisfactorily at 
50°F (66°C). The flexural strengths of these 
anels were determined before and after aging. 
he results of these tests are presented in table 11. 
Data are also given in table 11 for one of the resin- 
ttalyst mixtures in which the catalyst percentage 
as varied from 5 to 45 percent. 

Proper interpretation of the data obtained in 
hese experiments on the effects of various acid 
nd alkaline catalysts on the strength of resin- 
bonded plywood required information on the ef- 
ects of these chemicals on the wood itself. Ac- 
ingly, birch veneers of 0.1-in. thickness were 
mmersed for 3 days in various concentrations of 
he same acids and alkalies used in the tests with 
he resins. The results of flexural strength 
measurements on the conditioned wood specimens 
re shown in table 12. 
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Ficure 3.—Titration of phenol and resorcinol resins with 
sodium hydrozide. 
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MILLIEQUIVALENTS PER 100 GRAMS OF RESIN 


Fiaure 4.—Titration of Cascophen LT-67 with various acids. 


VI. Discussion of Results 


1. Tests of Industrial Adhesives 


Use of the various commercial resins with their 
catalysts selected for this investigation resulted 
in pH values for birch plywood ranging from 1.7 
to 8.4 (see table 1). The ranges of pH for the 
test panels made from the various resins were as 
follows: Urea-formaldehyde, 1.9 to 5.7; phenol- 
formaldehyde, 1.7 to 8.4; resorcinol-formaldehyde, 
4.8 to 6.3; and unsaturated polyester resins, 3.2 
to 5.7. 

The pH values of birch plywood were not 
affected by moderate baking or by exposure to 
cycles of heat and fog. This indicated that the 
acidic compounds determining the pH of the 
composite did not escape readily from the struc- 
ture or did not react with the birch or its de- 
composition products in such a way that they 
lost their chemical identity. It would seem 
reasonable, therefore, to assume that the deter- 
ioration caused by pH would continue until 
failure occurred. 


The results of the 240-hour oven-fog-aging 
are in qualitative agreement with the results; 
the 1-year roof-aging test. An analysis of ¢ 
data indicates that no quantitative statema 
can be made concerning the agreement. Ho 
ever, the 1-year roof-aging test was usually, ) 
not always, more severe than the 240-ho 
oven-fog-aging test. 

The effects of pH on the strength of the plywo 
prepared with the various commercial types | 
resins can best be reviewed by discussing the resi 
in the following three groups: Urea, phenolic, « 
other resins. 


(a) Urea Resins 


The flexural, impact, and shear strengths of th 
urea-formaldehyde resin-bonded birch plywo 
depended matkedly on the pH of the composi 
This is shown by the data in tables 4, 5, and 
and graphically in figures 5, 6, and 7. 
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Sample Resin Catalyst 





| 
| 
| Uformite 430... ... 4 10% NH4CI1. 
| set cnnescnsnstny Ge 

do 


—_ silane 10% “Y”. 
Plaskon 201-2... _. 2% “A”. 
5% “A”. 
| Incorporated. 
| Plaskon 107..........-| 7% B-7. 
| Uformite 500. .......-- None. 
| | Casco §.....-.. Do. 
Uformite 430-.._- 10%N H,Cl. | Uformite 430 
ee | 10% “Z". 
Ss 10% “Y”. 
Plaskon 201-2-..-. | 2% “A”. 
: | 5% “AA”. 
| Plaskon 250-2_-. Incorporated. 
Plaskon 107_...-- 7% B-7. 
| Uformite 500_- | None. 
Casco 5....-. Do. 
| Uformite 430. . __. Do. 


eure 5.—Effect of pH on flerural strength of birch ply- 
wood bonded with urea-formaldehyde resins. 
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Figure 7.—Effect of pH on shear strength of birch p\; 
bonded with urea-formaldehyde resins. 
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TasLe 7.—Effect of catalysis and pH on the delamination of resin-bonded birch plywood 








nercial designation of resin 


Catalyst added to resin «=| lass 


pH of 
unaged 
panel 








Condition of specimen after delamination test * 










Oven-fog-aged 
panel 


Roof-aged 
pane] 











UREA-FORMALDEHYDE R 












Oy, OS ae 





1.9 
R 2.0 
R 24 
R 3.2 
R 3.4 
R 3.6 
H 3.8 
H 5.5 
H 5.7 
H 4.6 








D() 

D (2) 

D (3) 

D (2) 

D (2) 

D (3) 

ND; F (5) 
D() 

8D (1); F () 


DR 
DR 
D() 
DR 
D (1) 
D (1) 
D () 
D() 
D (5) 











UREA-RESORCINOL-FORMALDEHYDE RESINS 








M 5.1 
M 4.6 











ND; F (5) 
ND; F (5) 





D (5) 
D(® 











PHENOL-FORMALDEHYDE RESINS 














EE: 0 , erimatniadinpenbmabaiaee 
a a a Ee 
6 En ncncpeneneqeoees Ba Fee cccoqnaccessecenscsa 
lite XC-11749_ ......-... eee fl! ee 
fend G50... ccccceccasseseenns OS a a 
ite TEP EGEe. ocacocesnecsocosces anal beaatejohbensecouanapenetinn 
a TEE. .censncsapsquccngcipoont Se 
end MOE cn... cds ccdncticiivdicdiesis Os BA aoe nt ditbehnctlidien 
phen EPSP... .cocccccccsvas oct OE BBD Rin ccccccccccccsccccscccces 
SE... .npnecqusietuiipedube YEE 

EL. capneaccnenensnandoipeepe Incorporated with resin. ........-.-. 
ballte PRH24...escvcccccceceneuscsecess Diiecnywnncinassersebdeceaeens 


L8 

1.8 

1.7 
M 1.8 
M 2.7 
R 3.1 
H 3.6 
H 4.5 
H 3.9 
H 4.6 
M 6.4 
H 5.0 
H 8.2 
H 8.4 












ND; B (5) 
ND; B (5) 
ND; B (5) 
ND; B (5) 
ND; B (5) 
ND; B (5S) 
ND; F (5) 
ND; F (5) 
ND; F (5) 
ND; F (5) 


ND; F (5) 


ND; F (8) 





ND; B (5) 





ND; B (5) 
ND; B (5) 
ND; B (5) 
ND; B (5) 
ND; B (5) 
ND; B (5) 
ND; B (5) 
ND; B (5) 
ND; B (5) 
ND; B (5) 
ND; B (5) 
ND; B (5) 
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RMALDEHYDE RESINS 








8 190D....... ncccccccccccccccceces 
te G-8291.... .ccccccacescecese= 





| 30% formaldehyde (37%) ----....--- 
To |} eee 


R 4.8 
R 5.1 











ND; F (5) 


ND; F (5); W 








ND; B (5) 


ND; B (5); W 











PHENOL-RESORCINOL-FORMALDEHYDE RESIN 








200% 12904 B.............-.-...2-- 
| 





rs en 


ND; F (5) 








ND; F (5) 





ND; B (5) 








CASEIN GLUE 








eat Joint P Glue...............- | 






R 8.4 





ND; F (8); W | ND; F (6); W | ND; F (8); W 





DR 








UNSATURATED POLYESTER RESINS 








1% benzoyl peroxide _-.........-..- 
1% lauroyl peroxide _............-.- 
| 3% benzoyl peroxide... .........-.- 
OE a ae 
5% benzoyl! perozide.........-....- 





H 3.7 
H 4.0 
H 3.7 
H 3.2 
H 3.9 





8D (i): F®) | 8D); F 
| sD; FO 
ND; F (5) 
ND; F (5) 





8D (1); F (5) 
8D (1); F (5) 
ND; F (5) 
ND; F (5) 
ND; F (5) 


8D (5); F (5) 
8D (5); F (5) 
8D (5); F (5) 
SD (5); F (5) 
8D (5); F (5) 





* The specimens were subjected to 5 cycles of immersion in boiling water and drying, described on page 286. Figure in parentheses refers to cycle in which 
ervation was made. Abbreviations are as follows: 


D=delaminated. 
SD=slightly delaminated. 
ND=no delamination. 


DR=delaminated during exposure treatment on roof. 


W=warped. 
B=brittle. 
F=flexible. 


ect of pH on Strength of Plywood 








The failure of the urea-formaldehyde resin- 
bonded materials in the delamination test is also 
affected by the pH of the plywood. The critical 
value in this test appears to be between 3.8 and 
4.6 for both the unaged and the aged specimens. 

Three of the panels with a low pH delaminated 
during exposure. This indicates that the loss in 
strength on roof aging can be attributed to both 
deterioration of the wood and deterioration of the 
resin. 

(b) Phenolic Resins 

An examination of the values in table 8 for the 
flexural, impact, and shear strengths of the phe- 
nolic resin-bonded panels shows that the presence 
of acid catalyst causes a decrease in these properties 
in the unaged panels in every case. This decrease 
was noticed especially with the panels prepared 
with the Catabond resins 590 and 200CZ, wherein 
concentrated hydrochloric acid catalysts were used. 
It is well known that hydrochloric acid has a 
decidedly deleterious effect on most woods. 

No failure of the phenolic resin-bonded com- 
posites occurred in the delamination test. The 
unaged and laboratory aged specimens with pH 


values of 3.1 or less were brittle in th, 
flexibility test on the 4-in. mandrel. Wii, 
exception, those with pH values of 3.6 o; , 
were flexible throughout this test. 


(c) Other Resins 


resorcinol, furane, casein, and unsaturated polyg 
types, produced panels of pH 3.2 or greater, 
the exception of the furane resin panel which 
a pH of 2.2. These adhesives did not ung 
marked deterioration in strength when subjq 
to the laboratory aging tests. The pronoy 
reduction in strength which occurred under 
aging conditions is attributable mainly to deter 
tion of the uncoated wood. However, 
strengths of the roof-aged panels made with 
resins were markedly inferior to those of the 
aged panel made with the best rr mses 


tests conducted as part of this investigation, 
in the case of the casein and some urea 
maldehyde glues had the breakdown at the 
progressed sufficiently to make strength tes's 
the roof-aged panels impossible. 


Tasie 8.—Effect of catalyst and pH on flerural, impact, and shear strengths of resin-bonded birch plywood 





Decrease in flexural strength * 


Decrease in Izod impact 
strength * 





Commercial desig- Catalyst added 
nation of resin to resin Oven- | 9%€2-| Root- 
ry aged | {08 | aged 
panel al panel 





A-FORMALDEHYDE 





Per- 
cent 








None...... eeeh b@ Lane . }-cocccchosse 
_ 10% “Y” ‘ posal 4 (>) 

| 10% “Z"..... — 
||10% NHC1.. ‘ (®) 
None... 


Uformite 430_...... 

















Ne “Aan. wind. Oak M4 et “oO | 8 ible 








7 11% HC! acid (27.8%) - 


Bakelite XC-11749_.||None.........----. 
48% XK-11753 





Bakelite X C-3931___. 









































© Decrease in strength for the unaged, oven-aged, oven-fog-aged, and roof-aged panels, respectively, is calculated on the basis of the strength of the u 
oven-aged, oven-fog-aged, and roof-aged panels, respectively, made without catalyst. 

» Panels delaminated during exposure on roof. 

* Panels containing catalyst or reference uncatalyzed panels failed in tension rather than shear. 
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ffect of Acidic and Basic Catalysts 
on Strength of Plywood 


» outstanding feature of the experiments in 
) various acids and alkalies were added to 
rsorcinol-formaldehyde and phenol-formalde- 
presins (figs. 1, 2, 3, and 4) was their apparent 
yption by the resin. Although relatively 
, amounts of the catalysts were added to 
jyce resin solutions of low pH, the resin films 
plywood panels had pH values considerably 
wer than those of their respective solutions. 

be titration curves show that there is a definite 
mical neutralization reaction between the 
olie type resins and acid and alkali, respec- 
y. The amount of acid or acid-generating 
ysts added to cure this type of resinous 


adhesive at room temperatures is generally greater 
than the neutral equivalent of the resin. As this 
additional acid is not destroyed or is only loosely 
bound to the resin, it is free to cause deterioration 
of the materials in the structure. 

The flexural] strengths of the unaged panels made 
with the resorcinol-formaldehyde resin (table 9) 
did not urdergo a significant decrease with increas- 
ing acidity of the resin solution. However, the 
oven-fog aging conditions brought about a sub- 
stantial reduction in strength which correlated 
with decrease in pH. Thus, although the pH of 
the unaged panels in many instances appeared to 
be beyond the critical acid range, the acid that 
had been absorbed by the resin was available to 
bring about deterioration of the panel under the 
aging conditions (fig. 8). The strong acids, such 
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Ficure 8.—Effect of oven- 





jfog-aging on flexural 
strength of birch plywood 
bonded with Penacolite 
G-1131, using various 
acid catalysts. 


| Sample Acid 








| None 
Hydrochloric 
Nitric 

Sulfuric 
Phosphoric 
Hypophosphorous 
Benzenesulfonic 











Trichloroacetic 
Nitranilic 





enroute WOnrwe Oo 


| 
| 
| 
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pH OF UNAGED PANEL 
lect of pH on Strength of Plyw ood 





as hydrochloric, nitric, and sulfuric acids, had only 
slightly more deteriorating action than the weaker 
types, such as nitranilic and hypophosphorous 
acids (fig. 9). 
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TRENGTH OUE TO CATALYST, % 
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Fieurg 9.—Effect of various acid catalysts on flerural 
strength of oven-fog-aged birch plywood bonded with Pena- 
colite G—1131. 








Sample Acid 





Hydroehlorie 
Nitrio 

Sulfuric 

Ph« ssphoric 
Hypophosphorous 
Benzenesulfonic 
Trichloroacetic 
Nitranilic 


enone ewe 














An attempt was made to treat a phenol- 
formaldehyde resin, Cascophen LT-67, with the 
same series of acids used in the experiments with 
the resorcinol-formaldehyde resin. However, in 
the presence of hydrochloric, nitric, sulfuric, 
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Ficure 10.—Effect of oven-fog-aging on flerural str 
of birch plywood bonded with Cascophen LT-67, 
acidic and basic catalysts. 




















Sample Catalyst 
0 None 
1 Sodium hydroxide 
2 Trichloroacetic acid 
3 Benzenesulfonic acid 
4 | Hypophosphorous acid 





phosphoric, and nitranilic acids, the resin p 
cipitated from solutions. 

The results obtained with the weaker ac 
(table 10 and figs. 3, 4, 10, and 11) were comp 
able to those obtained with these same ac 
added to the resorcinol resin. When hy 
phosphorous acid was added to the resin soluti 
in amounts sufficient to lower the pH of the pl 
wood panel prepared with it to 2.2, a considera) 
decrease in flexural strength occurred in 
oven-fog aging tests. A similar effect ¥ 
observed with another phenol-formaldehyde res 
Durez 12041. It is noteworthy that the flexw 
strengths of the unaged panels prepared with 
phenol-formaldehyde resins were, in gene! 
slightly higher than those of the resorcin 
formaldehyde panels. 
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». Cascophen LT-67 resin was also treated 
, various amounts of sodium hydroxide, a 
ng base. No evidence of significant deteriora- 
in strength of the unaged plywood by rela- 
large amounts of the alkali was noted. How- 
there was some decrease in strength when 
plywood was exposed to oven-fog aging condi- 
; The decrease in strength correlated with 
se in pH from an initial value of 6.4 for the 
{panel without added alkali to 8.2 for the aged 
»| with the greatest amount of added alkali. 
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s 11.—Effect of various catalysts on flexural strength 
oen-fog-aged birch plywood bonded with Cascophen 


[-67. 
Sample | Catalyst 


| Sodium hydroxide | 
| | Trichloroacetic acid 
| Benzenesulfonic acid | 


Hypophosphorous acid) . 1 
5 6 


pM OF UNAGED PANEL 


CHANGE IN STRENGTH DUE TO CATALYST, % 
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Ficure 12.—Effect of various catalysts on flexural strength 
of birch plywood bonded with phenolic resins. (Number 
above each column indicates pH value of unaged panel.) 


>t 








| 
Sample Resin Catalyst | 





| 
E ets 


Durez 12041_.................] 3.2% Bakelite X K-2997. 
Bakelite X C-11749 Do. 
Bakelite X C-3931 Do. 
10% Durez 7422. 
| Do. 
Do. 
.| 5% Bakelite X K-11753. 
..| 20% Bakelite X K-11753. 
..| 30% Bakelite X K-11753. 
| 45% Bakelite X K-11753. 
45% Bakelite X K-11753. 
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Attempts were made to cure urea-formaldehyde 
resin adhesives at high pH values by the addition 
of alkali but were unsuccessful. 

In general, the results shown in table 11 and 
figures 12 and 13 for tests made with various com- 
mercial catalysts and resins show a correlation 
between the strength of the plywood and the pH 
of the unaged panels. The pH of the resin films 
prepared with these commercial resins, using the 
recommended amounts of the catalysts, were all 
less than 2.0 and it was not possible to predict 
from these values what the pH of the plywood 
panel would be. This is shown graphically in 
figure 13; similar graphs can be plotted from the 
other data in table 11. 


Ficure 13.—Effect of catalyst (3.2% X K-2997) on flexural 
strength of oven-fog-aged birch plywood bonded with 
various phenolic resins. 





Sample Resin 


Durez 12041. 
Bakelite XC-11749. 
...-..---| Bakelite XC-3931. 
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3. Effect of Acids and Bases on Wood _ this breakdown. Hydrochloric, benzenesyi; 


The marked decrease in strength of the unaged 
plywood panels which resulted generally through- 
out the experiments reported herein when the pH 
of the panels was lowered by acid catalysts indi- 


nitric, and sulfuric acids had the most pron 
deteriorating effect on the birch wood. Nj 
and hypophosphorous acids had considera}); 
deteriorating action on the wood. This is pg, 


cated that the wood was being attacked by the _ larly evident from a comparison of strengi}, 
acids. The data in table 12 and figure 14 indicate _ the birch veneers treated with the respective 
that both pH and catalyst radical have a part in _ to produce pH conditions in the range 2.) 
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ked decrease in strength occurred in every 
yhen the pH of the birch veneers was lowered 
pH 2.0 by treatment with the respective 
The wood had a strong buffering action 


against alkalies. However, a pronounced de- 
crease in strength occurred when the pH of the 
wood was raised to 8.8 by absorption of tetra- 
ethanolammonium hydroxide. 


TABLE 12.—Effct of catalysis on flerural strength of birch veneers * 





Normality of solution 


xblorie acid - 








phosphorous acid - 
horous 
onic 
tic 








tloroacetic acid _ 


nm hydroxide. 


tethanolammonium hydroxide... ... 


pH Flexural] strength data 








Solution Flexural strength 
after No. of 
wood ood speci- 
=— Average Range mens 





Ibjin2 Ibfin2 

9,800 | 8, 600 to 12, 800 
14, 900 | 13, 000 to 16, 500 
18, 100 | 16, 800 to 18, 900 
18, 700 | 17, 100 to 20, 000 
20, 500 | 19, 100 to 22, 700 
12, 300 | 10, 800 to 13, 800 
17, 100 | 16, 100 to 18, 800 
20, 400 | 18, 900 to 22, 700 
20, 700 | 18, 900 to 22, 200 
21, 200 | 19, 100 to 22, 900 
12, 300 | 10, 700 to 13, 400 
16, 400 | 14, 700 to 17, 700 
19, 200 | 17, 800 to 20, 800 
19, 300 | 18, 500 to 20, 400 
18, 900 to 21, 600 
13, 900 to 16, 700 
16, 600 to 19, 200 
15, 600 to 20, 100 
16, 800 to 20, 800 
17, 600 to 23, 400 
12, 900 to 16, 900 
17, 400 to 20, 400 
18, 900 to 20, 700 
18, 100 to 20, 200 
19, 500 to 21, 200 
9, 600 to 11, 300 
13, 900 to 17, 800 | 
16, 900 to 20, 400 | 
17, 300 to 21, 000 | 
18, 900 to 22, 700 
12, 400 to 18, 100 | 
15, 600 to 19, 400 | 
15, 400 to 19, 100 | 
| 16, 500 to 20, 200 | 
17, 000 to 21, 400 
15, 500 to 17, 800 
18, 200 to 19, 900 
18, 100 to 20, 400 
17, 700 to 20, 000 
19, 700 to 21, 200 
18, 700 to 22, 300 
17, 900 to 22, 300 
18, 800 to 21, 700 
20, 700 to 22, 400 
12, 800 to 17, 900 
17, 700 to 21, 100 
18, 200 to 21, 300 
18, 900 to 22, 500 



































*4 birch veneer of 0.1-in, thickness was cut into the required number of specimens for treatment with a single catalyst. The specimens for immersion in 
concentration of the catalyst for 3 days were selected so as to be representative of the whole veneer. Two similar sets of specimens from the same veneer 
tested untreated and after immersion in distilled water for 3 days, respectively. 

The percentage loss in flexural strength is calculated on the basis of the strength of the untreated wood from the same veneer. 
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VII. Conclusions 


The flexural, impact and shear strengths, both 
initially and after aging, of urea and phenolic 
resin-bonded birch plywoods are definitely affected 
by the pH. In the acid range, the lower the pH 
of the plywood panel, the poorer is the strength 
of the panel and its resistance to aging. The 
lower critical pH value below which optimum 
strengths are not obtained and deterioration upon 
aging becomes appreciable, is approximately 4 
for urea resin-bonded plywoods and 3.5 for 
phenolic resin-bonded plywoods. The decrease 
in strength on aging of birch plywood bonded with 
a phenolic resin catalyzed with a strong alkali 
(sodium hydroxide) correlated with increase in 
pH of the plywood. The upper critical pH 
values, above which optimum strengths are not 
obtained and deterioration upon aging becomes 
appreciable, appears to be in the neighborhood of 
8 for phenolic resins; the value for urea resin- 
bonded plywoods was not established because the 
resins would not cure at the high pH values. 

The delamination of birch plywoods made with 
urea-formaldehyde resins is affected by the pH; 
in the acid range, the lower the pH, the fewer 
cycles required for delamination to occur. The 
delamination of birch plywoods made with phe- 
nolic resin is not affected by the pH; whea the pH 
is less than 3.1, the materials are not as flexible 
as those with pH values of 3.6 or more. In one- 


year roof-aging tests delamination occurre; 
in the case of plywood bonded with casei 
with urea-formaldehyde resins containing 
catalysts which reduced the pH of the 
panel to 3.4 or less. 

At a given pH, strong acids, such as by 
chloric, nitric, and sulfuric acids, had only slip 
greater deteriorating action on resorcinol- for 
dehyde resin-bonded birch plywood than ¢jq 
weaker types, such as hypophosphoroys 
nitranilic acids. 

The pH values of the birch plywoods made, 
various resins are not markedly changed 
moderate heating (40 hours at 80° C), by 
posure to cycles of heat and fog or by expo 
outdoors for one year. 

Both pH and the nature of the acid radical | 
an effect on the deterioration of birch wood 
acids. At a given pH weak acids have consi 
ably less deteriorating action on the wood tha 
strong acids. A pronounced decrease in stren 
of birch wood occurred when the pH of birch w 
was raised to 8.8 by absorption of tetraetha 
ammonium hydroxide. 


The authors acknowledge the assistance gi 
by B. M. Axilrod, M. C. Fordney, M. 8. Ze 
D. C. Caudill, and N. W. Rucker in supply 
some of the data reported here. 
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Chloride for Use in Electrochemical Work, and 
the Determination of Small Amounts of Bromide 


By Gladys D. Pinching and Roger G. Bates 


lade y The effects of small amounts of dissolved impurities on the potentials of silver—silver- 
hged halide electrodes immersed in solutions of alkali halides were studied. Traces of bromide 
exert disturbing effects on the potential of the silver—silver-chloride electrode. A conven- 
ient method for determining small amounts of bromide in the presence of chlorides and a 
satisfactory means of purifying sodium and potassium chlorides for precise electrochemical 
work are outlined. The procedure involves treatment of a saturated solution of the salt 
with chlorine, two successive precipitations with hydrogen chloride, and fusion of the air- 
dried product. A method for diminishing hydrolysis of the salts during fusion is described. 


Effect of Dissolved Impurities on the Potentials of Silver— 
Silver-Halide Electrodes Immersed in Solutions of Alkali 


Halides 


mall amounts of bromide are known to exert 
we effect on the potentials of the saturated 
nel electrod » [1]! and the silver—silver-chloride 
oe Sodi : = 
o if i port bsg = eee I. Effect of dissolved impurities on the potentials 
mdz, suliiciently pure for many physicochemi- of silver-silver-halide electrodes immersed in 
purposes, may, because of the presence of ; ears 
L . - ‘ * solutions of alkali halides 
amounts of bromide, be quite unsuitable , 
' : , . 1, Experimental procedures 
the most precise electrometric work. A series ; , 
: 2. Calculation of the normal effect of im- 
emf measurements was made to obtain a. 
ges som , : ‘ purities 
titative information regarding this effect and , 
: 3. Anomalous effect of bromide on the 
wscertain whether some of the other common ‘ ‘ ‘ 
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two arms of each cell were separated by a 1. Recrystallization from water___....__ 316 
peock with a 5-mm bore. Each arm could be 2. Precipitation with ethyl alcohol 

iand emptied by use of pure hydrogen without 3. Precipitation with hydrogen chloride_. 316 
introduction of air. Two electrodes were used 4. Treatmeat with chlorine 

wh arm of the cell. IV. Detection and removal of iodide 
lver-silver-chloride electrodes of the thermal- V. Fusion of sodium chloride and potassium 
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silver-bromide electrodes were made as outlined by 
Keston [5], except that the mixture of silver oxide 
and silver bromate was decomposed at 550° C 
instead of 650° C. Silver-silver-iodide electrodes 
were prepared by the thermal decomposition, at 
450° to 500° C, of a paste composed of 90 percent 
of silver oxide and 10 percent of silver iodide by 
weight, a method suggested earlier by one of the 
authors [6]. Bromide-free sodium chloride, potas- 
sium chloride, and hydrochloric acid were used for 
the tests. Sodium bromide was recrystallized 
three times from water, separated from its 
saturated solution by a filter of sintered glass, and 
dried at 200° to 250° C [4]. Other salts were of 
regeant grade. 

The electrodes were brought to equilibrium in 
the solution of the pure halide, and those which 
differed from the mean potential by more than 0.1 
mv were rejected. Silver-silver-iodide electrodes 
often differed by several tenths of a millivolt until 
hydrogen was bubbled through the solution to 
remove air. 

Each cell was filled with two carefully de- 
aerated portions of the halide solution, to one of 
which a small quantity of foreign salt (amounting 
to 0.05 to 0.5 mole per 100 moles of halide) had 
been added. Each arm was usually filled two or 
three times and the solution displaced with pure 
hydrogen before the final filling of the cell. The 
stopcock was open only while measurements were 
being made. In one experiment, the stopcock 
that separated 0.05-M hydrochloric acid from a 
solution 0.05 M in hydrochloric acid and 0.000025 
M in potassium bromide was left open for 2 days. 
The constancy of AE during this time indicated 
that little if any bromide reached the silver- 
silver-chloride electrodes in the pure solution of 
hydrochloric acid. 

The results are summarized in table 1; AE 
represents the average difference, in millivolts, 
between the electrodes in the pure and con- 
taminated halide solutions. In general, AE 
reached a constant value within an hour. When 
silver—silver-chloride electrodes were immersed in 
solutions that contained bromide, or silver-silver- 
bromide electrodes in solutions containing iodide 
as an impurity, the electromotive force rose slowly 
for 24 to 48 hours, and sometimes measurement 
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was discontinued before a limit was reached. 
lower value of AE in the table usually repr, 
the electromotive force about 1 hour after ¢ 


(aleule 


was filled, and the higher the constant y yen the 
that recorded 24 hours later. os Wi 
ssilver © 


TaBLe 1.—Effect of small concentrations of fore 
on the potentials of silver—silver-halide electro, 
mersed in solutions of halides at 25°C 
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(alculation of the Normal Effect of 
Impurities 


ion the impurity forms neither stable com- 
. ons With silver nor compounds less soluble 
silver chloride, AE is given by 
ak= "prin Set +E,, (1) 
reais the activity; R, 7, and F are the gas 
tant, the absolute temperature, and the fara- 
respectively, and £, is the potential difference 
xs the liquid junction in the stopcock. As 
concentration of chloride ion is the same in 
ih solutions, eq 1 becomes, with the substitu- 
» of numerical values for R, T, and F at 25°C 
j conversion to the common logarithm, 


AE=0.05914 log (fo fa) + E,, (2) 


wre f is the activity coefficient of chloride ion 
the molal seale. The difference in the activity 
ficient caused by the difference in the ionic 
ngths of the two solutions can be estimated 
use of one of the forms of the Debye-Hiickel 
vation. When 0.5 mole percent of uni-univalent 
t has been added to 0.05-m sodium chloride, 
vionic strength is increased from 0.05 to 0.05025, 
i the first term on the right of eq 1 is only 0.01 
. The value of the liquid-junction potential 
mot readily be estimated. In spite of the fact 
bt the solutions on either side of the stopcock 
» practically identical in composition, EF, is 
ssibly large enough to mask the small effect of 
change in the activity coefficient. 
When certain impurities, such as iodide, are 
sent, even in small concentrations, a silver 
it of lower solubility than silver chloride may 
formed on the surface of the electrode. From 
comparison of the solubility product constants 
silver chloride and silver iodide it is easily seen 
ut practically all of the iodide impurity in the 
mediate vicinity of a silver chloride electrode 
replaced by chloride ion, according to the 
action 


AgCl+I-=AgI+Cl-. (3) 


a 0.05-m solution of sodium chloride, originally 
ntaining 0.00025-m potassium iodide, the con- 
atration of iodide remaining at equilibrium 
ith the electrode is only 10-* m. Thus a con- 
ntration cell has been created, with chloride ion 


ification of Chlorides 


in the two arms at molalities of 0.05 and 0.05025. 
The emf of such a cell at 25° C is given by 


T. A 7 , 
Ab=S pM! -0.1183T ws log Gm (4) 


where uz is the partial molal free energy, or ‘‘chemi- 
cal potential”; m is the molality, and f is the 
stoichiometrical activity coefficient of sodium 
chloride; and 7, is the transference number of 
sodium ion in 0.05-m sodium chloride, found by 
Longsworth [7] to be 0.388 at 25° C. From eq 4, 
the potential of the electrode in the solution to 
which iodide was added should differ from that 
of the electrode in the pure solution of sodium 
chloride by 0.10 mv. The electrode immersed 
in the solution that contained potassium iodide 
was negative with respect to the other. This 
computed value agrees satisfactorily with 0.17 mv 
found by experiment. 

The effect of sulfide ions likewise appears to be 
of this normal type, as 0.05 mole percent of this 
impurity, considerably more than necessary to 
exceed the solubility of silver sulfide, produces 
little if any abnormal effect. When the concen- 
tration of sulfide was increased tenfold, however, 
the electrodes were black in color and were nega- 
tive to the reference pair by more than half a milli- 
volt. It is possible that the formation of solid 
solutions is responsible for such a disturbance 
when deposition of a second silver salt in substan- 
tial amounts has occurred. In most cases this 
phenomenon is of less concern than the more 
obscure and equally harmful effect of bromide in 
concentrations insufficient to cause separation of 
silver bromide. 

An accurate computation of the molality of 
bromide or iodide ion necessary to form solid silver 
bromide or silver iodide on the surface of a silver- 
silver-chloride electrode immersed in a solution 
of alkali chloride is perhaps most conveniently 
made with the aid of the standard potentials, E°, 
of the three silver—silver-halide electrodes, namely, 
—0.2224 (AgCl), —0.0713 (AgBr), and +0.1522 
(AgI) int. v at 25° C. These standard potentials 
are related to the standard potential of the silver 
electrode, E°,,, and the solubility product con- 
stants, K,,, of the respective silver halides, AgX, 
by the equation, 


Frex=Eig—"F In Keuan= 
F4,.—0.05914 log fagfxmagmx. (5) 
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When the silver electrode is in equilibrium with 
a solution saturated with both silver chloride and 
silver bromide, we have, since fo, and fp, are 
nearly equal, 


Uren — Liga =0.05914 log (me,/mpp. (6) 


In this way, the value of mg, in equilibrium with 
solid silver bromide is found to be 0.00279 mg, or 
0.28 mole percent of the chloride. Similarly, 
m,=4.63 x 1077 mg, or 0.00005 mole percent; and 
m,=0.000166 mg, or 0.017 mole percent. 


3. Anomalous Effect of Bromide on the 
Silver—Silver-Chloride Electrode 


It can be concluded from table 1 that neither 
chloride nor bromide exerts a serious disturbing 
influence on the silver-silver-iodide electrode. 
Some difficulty was experienced, however, in 
obtaining reproducible results with iodide elec- 
trodes. Because both positive and negative 
values of AE were obtained, it seems likely that 
no abnormal effect of bromide exists. Deposition 
of silver iodide on the silver—silver-bromide 
electrode caused an abnormal potential difference 
of 2.2 mv, as compared with 0.10 mv calculated 
in the previous section. 

Carmody [8] found that cyanide, absorbed 
during the electrolytic deposition of silver, was 
completely removed only after prolonged washing 
of the electrodes. The residual traces of cyanide 
effected some reduction of silver chloride during 
chloridization, and dark electrodes, positive to the 
white ones by about 0.2 mv, resulted. White 
electrodes were obtained only when the silver 
was washed for 2 weeks before the silver chloride 
was formed. As recorded in table 1, electrodes 


II. Determination of Bromide 


The formation of red eosin (tetrabromofluores- 
cein) by the action of bromine on fluorescein has 
been utilized for the detection of small amounts 
of bromide [9]. The modification suggested by 
Aickin, in which the color was produced on test 
papers rather than in solution, appeared to be the 
most convenient. In this method a solution of 
fluorescein is prepared by stirring the dye in 50- 
percent ethyl alcohol for 30 minutes in the cold 
and removing the excess by filtration. Strips of 
filter paper are dipped into the solution, allowed 
to dry, and stored in the dark until needed. Two- 
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immersed in a 0.05-m solution of sodium ¢j 
that contained 0.05 mole percent of potas 
cyanide were found to be negative to those in 
pure solution of chloride by 0.23 my. Thy , 
trodes remained white. It seems likely tha 
concentration of cyanide in the chloridizing , 
would be less than 0.000025 m, the concentrys 
used in the experiment reported in table |, y 
the silvered electrode had been washed for op) 
few days. Apparently a greater disturbing of 
results from the presence of cyanide in gy 
amounts during chloridization of the elect, 
than from its presence as an impurity jn 
solution in which the electrodes are used. 

The potential of the silver-silver-chloride ¢, 
trode is increased by 0.1 to 0.2 mv for each ¢) 
mole percent of bromide. In one experine 
the electrodes returned rapidly to substani 
agreement when they were replaced in a bromi 
free solution of potassium chloride. The cause 
the abnormal effect of small amounts of bromif 
is as yet unexplained. 

It has been found [1] that commercial samp| 
of potassium chloride often contain from 0.0) 
0.1 percent of bromide. In view of the may 
tude of the error which these amounts wo 
cause, the removal of bromide becomes an ix 
portant aspect of the purification of salt to | 
used in precise electrometric work. An invest 
gation was therefore undertaken to find a coy 
venient test for the presence of bromide and 
determine an efficient method for removing t! 
impurity. lodide appears to be absent from m 
commercial preparations. In view of its re 
tively small effect on the silver—silver-chlori 
electrode, special treatment to remove iodide : 
probably unnecessary. 


in the Presence of Chloride 


tenths milliliter of a saturated aqueous solutia 
of the salt to be tested is placed in a small te 
tube (about 1 x 7.5 em) with an equal volume ¢ 
a 25-percent solution of chromic acid. A pict 
of test paper, moistened with water, is placed 
the top of the tube, which is then heated in: 
water bath for 5 minutes. 

When the method was employed in this |: 
oratory, however, no consistent results could & 
obtained. A large number of tests were cor 
sequently made in which all of the conditions wer 
varied, singly and in combination. Test papes 
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had been allowed to dry and remoistened 
water were unreliable. It was found neces- 
to dip the filter paper into the dye solution 
ately before use. Further, conditions of 




























hn test had to be redetermined each day when 
izing Jame were begun, in order to obtain satisfactory 
eNtrates- j ‘ 
1, yygge estimate small amounts of bromide, condi- 
oF onidms were adjusted until a barely discernible pink 
ing efamme W2S produced by 0.001 mole percent, and a 
in ey bright pink by 0.005. These conditions 
lectyodmed within wide limits. For example, the time 
in sting necessary to produce satisfactory colors 
» day to day varied from 1% to 15 minutes, and 
ide egumeoncentration of the chromic acid solution had 
ich ode varied from 25 percent to a saturated solu- 
rime. The dye solution was sometimes used as 
staniqmpared, and sometimes had to be diluted as 
romid as eightfold to obtain the desired color. 
Palise changes appeared to be made necessary by 
vromigammees in the fluorescein solution effected by 
jpitation of fluorescein and by evaporation 
ample solvent. Even the freshly prepared dye 
0.0) @gtions appeared to differ somewhat, possibly 
margmmuse of slight differences in the proportior of 
wouphol to water and in the temperature at which 
an img solution was saturated. 
to MY replacing fluorescein with its sodium salt, 
nvestqgine, the most time-consuming steps of this 
a coqmeedure were eliminated. As the salt is readily 
ind dle in water, preparation of the dye solution 
¢ thie considerably simplified. It was necessary 
1m to dissolve sufficient uranine in water to 
regamce & solution containing approximately 0.05 
londgmeent of the salt by weight. Solutions stored 






he laboratory for a month gave satisfactory 
its. The stability of the dye solution made 
daily adjustment of test conditions unneces- 
;, and it was then possible to establish a defi- 
e procedure that yielded consistent results. 

he modified procedure for the bromide test 
sas follows: Two-tenths milliliter of saturated 
mic acid solution was added to an equal vol- 
eof a saturated solution of the salt to be tested. 
ireular piece of filter paper was dipped into the 












uranine solution and placed over the mouth of the 
test tube. A rack constructed of copper sheet and 
No. 10 copper wire, shown in figure 1, was found 
convenient for making several tests simultane- 
ously. The rack holds six tubes and fits into a 
250-ml beaker. The tubes were heated in boiling 
water for 6 minutes. Comparison solutions con- 
taining known amounts of bromide should be in- 
cluded with each set of unknown solutions tested. 
For very small amounts of bromide, when visual 
comparison is difficult, colors of the test papers 
can often be compared to advantage under ultra- 
violet light. One-thousandth mole percent can 
be detected, and the test is accurate to about 
+0.002 mole percent. 


| 
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Figure 1.—Copper rack used for supporting small test 
tubes in boiling water for the bromide test. 


This test can be adapted to the determination 
of larger amounts of bromide by increasing the 
concentration of the dye solution, decreasing that 
of the chromic acid solution, decreasing the time, 
or by diluting the solution to be tested. The last 
procedure is the most accurate. Because many 


organic materials, if present in sufficient amount, 
may react explosively with chromic acid, it is 
advisable to perform the test on the semimicro- 
scale as described above. 





III. Methods of Purifying 


Sodium Chloride and 


Potassium Chloride 


Four methods commonly used in purifying 
sodium and potassium chlorides for electrochem- 
ical work, namely, recrystallization from water, 
precipitation with ethyl alcohol [1, 10], precipita- 
tion with hydrogen chloride gas [11], and treat- 
ment with chlorine [12], were investigated to 
determine which was the most effective for remov- 
ing bromide and for obtaining a satisfactory 
yield. On the basis of these results, a combina- 
tion of methods was selected to prepare, in satis- 
factory yield, sodium and potassium chlorides free 
from bromide and other impurities. 

Sodium chloride and potassium chloride of 
reagent-grade were used. They were found to 


TaBLe 2.—Removal of bromide from sodium chloride and 
potassium chloride, each containing 0.1 mole percent of 
potassium bromide, by various methods of purification 
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contain initially 0.001 and 0.05 mole pp. 

bromide, respectively. Sufficient potassiy, 
mide was added to the filtered solution of » 
to be purified to make the bromide cong 
mole percent. Pyrex-glass vessels were yy 
all of the tests except the fusions. The by 
content of the products and the yields objyi 
by the different methods are shown in tab, 


1. Recrystallization From Wa 


Potassium chlorida was recrystallized 
times from water. In the first crystallizatig, 
following three fractions were taken: () 
cooling the saturated solution from 100° to? 
a second by cooling from 25° to 6° C, and, 
by evaporating the filtrate to about six-te 
its volume and cooling to 6° C. The pn 
represented 25, 13, and 27 percent, respect 
of the original material. All three con 
rather large amounts of bromide, in ex 
0.01 mole percent. The first contained les 
the second, and the second less than the 
The second and third fractions were disew 
In the subsequent recrystallizations a 
fraction was taken by cooling the saturated 
tion to 25° C. Sodium chloride was recrystal 
three times by evaporating a solution sat 
at the boiling temperature to six-tenths 0 
volume and cooling to 6° C. 


2. Precipitation With Ethyl] Alco! 


Potassium chloride was purified by three 
cessive precipitations from a saturated aqu 
solution at room temperature by the additw 
an equal volume of ethyl alcohol. By addi 
saturated salt solution dropwise to the alc 
with stirring, the yield from each precipi! 
was increased from 35 to 45 percent. Sui 
chloride was also purified by this latter proced 


Hydrogen chloride gas, generated by dro 
concentrated hydrochloric acid into concen 
sulfuric acid, was passed into saturated solu! 
of sodium and potassium chlorides throug 
inverted glass funnel. The precipitated sa! 





ed on a sintered glass filter, washed with 
portions of water, and dried at 110° C. 
successive precipitations were made. When 
jifed solution of the product was tested by 
n of barium chloride solution, no sulfate 


tected. 
4, Treatment With Chlorine 


yrine was passed into a saturated solution of 
sium chloride for about 10 minutes. The 


solution was boiled to remove chlorine and 
bromine and brought to saturation at the boiling 
temperature. The salt was recrystallized by 
cooling the solution to 25° C, and a second recrys- 
tallization from water was made. The pH of 
the solution saturated with chlorine was found by 
glass-electrode measurement to be 2.2. An acidi- 
fied sample of the purified salt was tested by the 
addition of potassium iodide and starch solution, 
and the mixture remained colorless. 


IV. Detection and Removal of Iodide 


hough iodide is not commonly found in re- 
srade chlorides in appreciable amounts, it 
thought desirable to determine whether 
» if present, would be removed by the 
od found most satisfactory for the removal of 
ide. The test used for bromide was not 
able to the detection of iodide, probably be- 
of the lower volatility of iodine. Although 
» substitutes in fluorescein to form coral-pink 
osin, the test did not appear to be suffi- 
ly sensitive. One-tenth mole percent was 
ad to produce a color on fluorescein paper, 
almost 1 mole percent was needed when 
ine was used. The salts were tested for 


iodide [13] by acidifying 6 ml of the saturated 
solution with 10 drops of 5-M hydrochloric acid, 
oxidizing the iodide, if present, with 2 drops of 
3-percent hydrogen peroxide, and extracting the 
iodine with 6 ml of chloroform or carbon tetra- 
chloride. One-thousandth mole percent of iodide 
produces a pale but discernible lavender color. 

One-hundredth mole percent of potassium 
iodide was added to saturated solutions of sodium 
and potassium chlorides which also contained 0.1 
mole percent potassium bromide. Tests for 
iodide in the salts obtained by precipitation with 
hydrogen chloride after treatment of their satu- 
rated solutions with chlorine were negative. 


V. Fusion of Sodium Chloride and Potassium Chloride 


e most satisfactory means of removing hydro- 
ic acid from sodium or potassium chloride 
ipitated in a strong solution of the acid is to 
the salt to fusion. The fused salt is not only 
of occluded acid but is completely dry, a con- 
bn often difficult to achieve at temperatures 
w the melting point [14]. Unfortunately, this 
tment usually yields a slightly alkaline pro- 
The total alkalinity amounted in several 
riments to 0.001 to 0.01 mole per 100 moles of 
Sodium chloride is normally considerably 
e alkaline after fusion than potassium chloride 
ted similarly. 
pbhnson [15] concluded that the alkali is formed 
a reaction of the vapor of the chloride with 
ospheric moisture. He found that the alka- 
y of sodium chloride could be reduced to 
01 mole percent by drying the salt at 180° C 
fusing in an atmosphere of dry nitrogen. 
[16] showed that sodium chloride and potas- 
n chloride become alkaline when heated at 
°C, or considerably below their melting points. 


ification of Chlorides 


Bjerrum and Unmack [17] titrated solutions of 
fused sodium chloride and potassium chloride with 
acid and found that the salts contained 0.003 and 
0.001 mole percent, respectively, of free alkali. 
When Johnson fused sodium chloride in moist 
air, a product containing 0.005 mole percent of 
sodium hydroxide was obtained. On the contrary, 
Richards and Wells [18] state, ““The salt remained 
strictly neutral after fusion in a vacuum, as it 
did in air.” Because Richards and Wells fused 
samples of dry salt in an apparatus from which 
moisture would have been expelled during the 
early stages of heating, this observation is not at 
variance with the findings of Johnson. 

The molten chlorides wet the surfaces of platinum 
boats and crucibles and adhere to the vessels on 
solidifying. Consequently, it is necessary to pour 
the fused salt into another platinum container 
whose temperature is sufficiently low so that the 
salt does not stick tightly. Protecting the hot 
salt from moist air under these conditions is 
obviously difficult. 





The arrangement shown in figure 2 was found to 
be quite effective in reducing the hydrolysis of 
sodium and potassium chlorides during fusion. 
The 40-ml platinum crucible, B, fits loosely into 
the clear quartz tube, A, which is 11 cm long and 
43 mm in diameter. Platinum foil, 0.005 in. thick, 
was used to form the trough, C. The foil was 
cut and folded to form the dam at the upper end. 
The Pyrex cover, D, fits snugly over the quartz 
tube but is loose enough to permit the dry nitrogen 
or air entering at the top to escape. Asbestos 
paper was wrapped around the quartz tube to 
permit the apparatus to be supported easily in 
the top of a crucible furnace with an opening 5 cm 
in diameter. 











ee 


Fiaure 2.— Apparatus for diminishing hydrolysis of sodium 
and potassium chlorides during fusion. 


A, Clear quartz tube; B, platinum crucible; C, platinum trough; 
D, glass cover. 


The crucible was charged with about » 
salt that had been ground in an agat. » 
and dried at 180° C. The cover was y 
place, a slow stream of dry nitrogen pag, 
5 minutes to replace all of the moist 
air, and the tube finally supported in the 
the furnace maintained at 1,000° C_ ty, 
was usually completely melted in 10 to 15 pip 
When all the salt had fused, the tube was 
drawn from the furnace, tipped to alloy 
molten salt to flow into the cooler trough 
placed on its side to cool with the nitrogy 
flowing. 

By this procedure, neutral sodium and poig 
chlorides can be fused without introducing 
than 0.001 mole percent of free alkali. |, 
sodium chloride dried at 180° C could usual 
fused in this apparatus without the use of 
nitrogen, with satisfactory results. It ap 
that moisture was expelled from the tube ly 
fusion took place and did not enter again , 
the melt had solidified and partially oy 
Because its tendency toward hydrolysis at 
vated temperatures is less marked than th 
sodium chloride, the potassium salt will us 
contain after fusion no more than 0.003 
percent of free alkali, even though it be fus 
an open crucible exposed to atmospheric moist 
When the apparatus shown in figure 2 is | 
however, the salts are nearly neutral. 

The alkalinity of the chlorides was detem 
by titrating 5- to 12-g samples of fused salt wit 
0.01-M solution of hydrochloric acid. Bn 
thymol blue was used as the indicator, and 
endpoint was established by comparison wit 
color standard prepared from the indicator « 
phosphate buffer of pH 7 [19]. 


VI. Recommended Procedures 


For use in precise electrometric work with the 
calomel or silver-silver-chloride electrodes, sodium 
chloride and potassium chloride should not con- 


tain more than 0.005 mole percent of bromide. If 
the accuracy of the measurement is expected to 
approach 0.02 mv, the quantity of bromide must 


be no greater than 0.002 mole percent. If, fur- 
ther, the salts are to be employed in pH work in 
conjunction with electrodes reversible to hydrogen 
(or hydroxyl) ion, the neutrality of the salt must 
be assured. It is likewise necessary that the pro- 
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cedure for drying the salt shall yield a pmé 
that is known to be moisture free. 

The requirements of electrometric pH work « 
therefore, somewhat different from those of oi 
types of physicochemical investigations. In pu 
fication procedures, the emphasis must be pli 
upon achieving a neutral salt free from brom 
Other inert impurities need receive only seconé 
consideration. 

Precipitation with hydrogen chloride was {0 
by Richards and Wells [18] to be the best met 
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purifying sodium chloride. A commerical 
gration of the salt subjected to three precipi- 
ns gave & product with the same combining 
tas other samples prepared by several other 
» elaborate procedures. As shown in the 













































i ling sections, about 98 percent of the bro- 
Thole 22 be removed from a saturated solution of 
5 chloride by a single treatment with 
Was aamprine and one precipitation with hydrogen 
alloy pride. It can be concluded from the work of 
ough hards and Wells that two successive precipita- 
rene ; would reduce the amounts of other impurities 
* Bbc negligible level. They also found that the 
Dota did not pick up moisture during weighing in 
cing winter air. The fused salt can, however, be 
Ing tured and weighed in large lumps to minimize 
sual endency to adsorb moisture from humid 
se of pospheres. ; ; _ ' 
; anmmne treatment with chlorine and precipitation 
be hae hydrogen chloride is apparently effective for 
ain Mapoving bromide and iodide from potassium 
' pride, as Well as from the sodium salt. The 
. 2 stigation described by Richards [20] is un- 
, thamptedly the most detailed and most carefully 
| usagmmented study of the removal of the other 
03 mpurities from the salt. In order to remove 
fusameseances isomorphous with potassium chloride, 
roissmeeards subjected commercial potassium nitrate 
ig yg repeated recrystallization. The nitrate was 
en 
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then converted to chloride which was, in turn, 
further purified by precipitation with hydrogen 


chloride. As the elimination of small amounts 
of other alkali halides from sodium chloride was 
readily effected by precipitation with hydrogen 
chloride [18], it seems reasonable to assume that 
they would be similarly removed from potassium 
chloride. Other isomorphous impurities normally 
are present in extremely small amounts. 

In the light of these considerations, it can be 
concluded that the same procedure will serve to 
prepare sodium chloride and potassium chloride 
with less than 0.002 mole percent of bromide 
and free of iodide and significant amounts of 
inert impurities. 

Chlorine is bubbled for 10 minutes at a moderate 
rate through a filtered solution of the salt, satu- 
rated at room temperature. The solution is then 
boiled for 5 minutes to remove free halogens. 
The salt is precipitated twice with hydrogen 
chloride from a solution saturated at room 
temperature, collected on a filter, preferably 
of sintered glass, washed with small portions of 
pure water, and dried at 180° C. Finally, the 
salt is fused, as described in the previous section, to 
remove occluded water and hydrochloric acid. 
These preparations should meet the most exacting 
requirements of electrochemical work. 
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reparation of Mannuronic Lactone From Algin 
By Harriet L. Frush and Horace S. Isbell 


A simple procedure is reported for the preparation of crystalline mannuronic lactone 


from algin. 


concentrated sulfuric acid followed by dilute acid. 


The algin is converted to alginic acid, which is hydrolyzed by the action of 


In contrast to prior methods, the lac- 


tone is crystallized directly from the hydrolyzate of alginic acid without the intermediate 


separation of the amorphous barium salt or the cinchonine salt. 


The yield is from 25 to 30 


percent of the alginic acid used. The preparation and properties of crystalline sodium 
mannuronate and potassium mannuronate monohydrate are also described. 


I. Introduction 


fannuronic acid, one of the three naturally 
wring uronic acids, is of particular interest 
use it plays an important role in the structure 
many marine plants, and is the chief constituent 
gin, a product of growing commercial impor- 
e. It has been prepared by others in the form 
he crystalline lactone [1, 2] ' and two modifica- 
ns of the free acid [3]. It may be separated 
t readily as the lactone, but prior methods of 
paration are so unsatisfactory that it has been 
lated only in small quantities. To make the 
stance more available for study and research, 
simple procedure has been developed for the 
paration of mannuronic lactone directly from 
hydrolyzates of alginic acid. Inasmuch as 
raw materials used are commercially available 
relatively low cost, the preparation of man- 
monic lactone in any desired quantity now be- 
mes practicable. 
Crystalline mannuronic lactone was first pre- 
| by Nelson and Cretcher [1] by the acid 
drolysis of alginic acid, followed by the inter- 
cliate preparation of amorphous barium man- 
ronate and crystalline cinchonine mannuronate. 
The method is laborious and the yield is very 
*. Schoeffel and Link [2] separated mannu- 
ic lactone from the hydrolyzate of alginic acid 
means of a carefully purified amorphous 
rum salt without recourse to the cinchonine 


Figures in brackets indicate the literature references at the end of this 


muronic Lactone From Algin 


salt. Fractional precipitation of the unhydrolyzed 
polymannuronates and various clarifications, fil- 
trations, and concentrations were required to give 
the crystalline lactone in yields calculated to be 
8.3 percent of the theoretical (based on the uronic 
acid content of the alginic acid). In both methods 
the hydrolyzates were neutralized by prolonged 
heating with barium carbonate.? This treatment 
is necessary for complete neutralization, but it 
causes considerable decomposition of the man- 
nuronic acid. 

In the foregoing procedures it was necessary to 
prepare and purify one or even two intermediate 
compounds because it was impossible to crystallize 
mannuronic lactone directly from the crude 

* Nelson and Cretcher neutralized the hot hydrolyzate with barium car- 
bonate, but later changed the procedure to include partial neutralization with 


barium hydroxide at room temperature followed by treatment with barium 
carbonate for 2 hours at boiling temperature. 
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hydrolyzate. Apparently the difficulty in crystal- 
lizing mannuronic lactone arises, first, from incom- 
plete hydrolysis of the polysaccharide, and second, 
from decomposition reactions incident to the high- 
temperature neutralization of the hydrolyzate 
with barium carbonate. The hydrolysis is com- 
plicated by the fact that alginic acid is only slowly 
cleaved by hot acids, whereas under the conditions 
of the reaction, the product, mannuronic acid, is 
partially decomposed with the formation of carbon 
dioxide and furfural. Nelson and Cretcher found 
that on boiling for 18 hours with distilled water, 
alginic acid loses 10 percent of the theoretical 
amount of carbon dioxide; on boiling for 5 hours 
with 12-percent hydrochloric acid it loses 86 
percent of the theoretical amount. To avoid the 
undesirable decomposition reaction, they recom- 
mended hydrolysis with 80-percent sulfuric acid 
at room temperature for 5 days. Schoeffel and 
Link, however, hydrolyzed by boiling with 2.5- 
percent sulfuric acid for 15 hours. 

Thus, it seemed probable that if a more complete 


hydrolysis of algin were effected, and \, 
neutralization of the hydrolyzate were aYoid 
might be possible to crystallize mannuronic |, 
directly from the hydrolyzate. With this 3 
in view, various methods were tried for hyd) 
alginic acid and for neutralizing the hydroly 
The experiments led to a simple procedure fy 
hydrolysis, followed by removal of the q) 
acid at room temperature, without conyers; 
the mannuronic acid to a salt. After conc 
tion of the hydrolyzate, crystalline manny 
lactone separates in yields of 25 to 30 per 
the uronic acid content of the alginic acid. 
In the course of the investigation, the possi 
of separating mannuronic acid as a crysiy 
salt was considered, and attempts were mad 
find a suitable substance. Crystalline s 
mannuronate and potassium mannuronate 
prepared, and their properties are reported } 
The salts crystallize readily but are too «| 
for use in the preparation of mannuronic lacy 


JI. Experimental Details 


1. Preparation of Alginic Acid 


Alginic acid is an intermediate in the industrial 
preparation of algin, but at present it is not 
commercially available. It may be readily pre- 
pared from commercial algin by the following 
procedure: 1 kg of algin is stirred for 2 hours with 
a solution consisting of 3 liters of alcohol,’ 2 liters 
of water, and 350 ml of concentrated hydrochloric 
acid. The crude alginic acid is then separated by 
vacuum filtration in a Jarge Biichner funnel, or 
more conveniently in an 8-liter conical percolator 
equipped with a perforated plate and a cheesecloth 
filter pad. It is thea stirred with a solution con- 
taining 1 liter of alcohol, 3 liters of water, and 100 
ml of concentrated hydrochloric acid. After 2 
hours the alginic acid is again separated by vacuum 
filtration, and during a period of several days is 
washed by gravity in the funnel or percolator with 
a large volume of water. When the wash water is 
free from chlorides, the material is washed with 
aleohol and then dried in air and finally in a 
vacuum at 60° C. The yield of alginic acid is 
approximately 700 g. When a product prepared 
by the above method was boiled for 8 hours with 


+ Methyl, ethyl, or isopropyl! alcoho! may be used. 
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18-percent hydrochloric acid, it gave cat 
dioxide equivalent to 90 percent of mannu 
anhydride. 


2. Preparation of Mannuronic Lact 
From Alginic Acid 


Eighty grams of alginic acid is added quid 
to 100 ml of ice-cold, concentrated sulfuric ai 
The pasty mass is kept in an ice bath and is sti 
constantly with a heavy glass rod for 10 minw 
It is stored in a refrigerator for 18 hours and ¢! 
is thoroughly mixed with 8 liters of water. | 
diluted mixture is boiled under reflux for 
hours,® cooled to room temperature, and trea! 
with a quantity of calcium carbonate equivales! 
the sulfuric acid. The pH of the resulting 
tion should be 2.3. If not, the acidity is 
justed by the addition of either calcium carbou 
or dilute sulfuric acid. 


diluted with acetic anhydride, appears deep blue; with acetic acid, re 
violet; and with water or alcohol, yellowish-brown. Apparently ti 
color originally formed is not caused by carbonization, but arises ™ 
highly-colored substance. 

‘A Glas-col mantle provides a convenient source of heat without! # 
of overheating the material. Boiling chips should be used to prevent 
ing. 
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» mixture is filtered with the aid of decolor- 
carbon, and the residue on the filter is 
«jand discarded. The filtrate is evaporated 
»° C or less under reduced pressure to a vol- 
of about 400 ml. The calcium sulfate that 
llizes during the evaporation is separated, 
od with hot water until free from reducing 
vances, and discarded. The solution and 
ings are combined and evaporated under 
ced pressure to a volume of about 100 ml. 
is point the calcium sulfate is again separated, 
bd. and discarded, and the solution is evap- 
@ under reduced pressure to a thick sirup 
»t 40 ml). Ordinarily, mannuronic lactone 
ns to crystallize during the final evaporation. 
sirup is diluted with approximately 2 vol- 
: of acetic acid, seeded (if crystallization has 
already started), and allowed to stand in the 
gaator for 18 hours." The crystals are then 
rated by filtration and washed, first with a 
ure consisting of 3 parts of acetic acid and 1 
of water, and finally with acetone.’ The 
duct contains a small quantity of calcium 
ate, which is removed by dissolving the lactone 


in hot water and filtering the solution with the 
aid of a decolorizing carbon. The lactone crystal- 
lizes almost quantitatively when the solution is 
evaporated in vacuum or in a stream of dry air. 

In numerous preparations by the above method 
in which the alginic acid used had a mannuronic 
anhydride content of 90 percent, the main crop 
of crystals weighed between 20 and 24 g and con- 
tained less than 1 g of calcium sulfate. In a 
typical preparation, the crude lactone from 80 g 
of alginic acid weighed 21.2 g, contained 0.36 g 
of calcium sulfate, and had a specific rotation of 
+87.2° (30 minutes after dissolution in water). 
After recrystallization from water, the product 
weighed 20.1 g. [a]Jh}=+92.0° (30 minutes), 
whereas for pure mannuronic lactone, [a]/p= 
92.2° (30 minutes) [4]. The yield of the recrys- 
tallized lactone was 25.1 percent of the weight of 
the alginic acid, or 27.9 percent of the theoretical. 


* Nearly as satisfactory results can be obtained by the addition of s suitable 
quantity of either acetone or dioxane. As crude sirups of mannuronic lactone 
gradually darken and decompose, they should be kept at a low temperature. 

7 A small, rather crude second crop may sometimes be obtained by con- 
centration of the mother liquor and subsequent dilution with acetic acid. 


III. New Crystalline Salts of Mannuronic Acid 


1. Sodium Mannuronate 


wenty grams of mannuronic lactone was dis- 
ed in water at room temperature and slightly 
than the theoretical amount of sodium bi- 
bonate (10.5 g) was added in portions with 
rng. The solution was filtered with the aid 
s decolorizing carbon, and concentrated under 
ued pressure to a volume of about 35 ml. 
ficient ethyl alcohol was added to cause a faint 
bidity that was discharged by the addition 
adrop of water. The solution was seeded and 
wed to erystallize while in motion. Alcohol 
added from time to time as crystallization 
ceeded until the volume of the mixture was 
/ml. After 2 days the crystals of sodium man- 
mate were collected on a filter, washed with 
ieous ethyl alcohol, and finally with 95-percent 
bhol. They were dried in a vacuum at room 
hperature over calcium chloride. The yield of 
le, yellow-colored sodium mannuronate was 
g. After two successive recrystallizations by 
solving the crystals in water at room tempera- 
re and treating the solution in the manner de- 
bed above, the compound was obtained as a 
lite crystalline powder composed of slender 


annuronic Lactone From Algin 


prisms (fig. 1). Further recrystallization pro- 
duced no change in optical rotation. 

Analysis: Calculated for C,H,O,Na: C, 33.33; 
H, 4.20. Found: C, 33.4; H, 4.3. 

When dissolved in water containing carbon 
dioxide, the compound exhibits a small mutarota- 
tion (table 1), which at 20° C is substantially 
complete in 2 minutes. [a]?=—6.6° (water, 
c=4) (30 minutes). 


TaBLe 1.—Mutarotation of sodium mannuronate in water 
saturated with carbon diozide 


2 g¢ per 100 ml of solution at 20° C read ins 
2-dm tu 





Time | Observed reading | [a] 8 





| 
Minutes *s 


| —84 
| —6.9 


—6.6 
—6.7 
—6.5 
—7.1 
. 76 (constant) —6.6 











2. Potassium Mannuronate tation, which is complete in less than 3 yj, 
Monohydrate (table 2). [a] B= —5. 6° (water, c=4) (30 mis 


Twenty grams of mannuronic lactone were dis- 
solved at room temperature in water saturated TABLE 2.—Mutarotation of potassium mannuroncy 
with carbon dioxide, and the solution was treated hydrate in water saturated with carbon diazid, 
with 11.2 g of potassium bicarbonate. Potassium — 
mannuronate monohydrate was then crystallized Soper MOR eeeenat er Oral nn | 
in the manner dsecribed for sodium mannuronate. 
The crude material (16 g) was recrystallized twice Observed reading | [a] jf 
from water and alcohol. The optical rotation of és 
the substance was not altered by further recrystalli- B.-...-.-.| 212 
zation from water alone. aa 

Analysis: Calculated for C,H,O,KH,0: C, 28.80; . —1.40 
H, 4.43. Found: C, 29.1; H, 4.6. 28 

The crude potassium mannuronate had a yellow 0. —.82 
color, but the pure compound was obtained in ap 
long, colorless plates or prisms (fig. 1). Like 0. | —. 65 (constant) 
sodium mannuronate, it exhibits a rapid mutaro- 
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